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ABSTRACT
Aims To estimate the species richness of gram-positive coccoid morphotypes 
(GPCM) from untreated and treated root canals of teeth with periapical disease, 
using partial 16S rRNA gene sequences and biochemical properties for identification. 
To further characterise the isolates by antibiotic sensitivity profiles and a subset of 
isolates by 16S-23S intergenic amplicon patterns.
Methodology 195 isolates from 20 teeth (GPCM: 117 -  untreated teeth; 78 -  treated 
teeth) were investigated. 16S rDNA obtained from all isolates using universal primers 
was partially sequenced and the sequences aligned with those in databases using 
RDP and BLAST searches. The process of identity determination was analysed. 
Biochemical, commercial enzyme, and MIC tests by agar dilution and E-test (8 
antibiotics) were also performed. Streptococcus, Staphylococcus, Enterococcus and 
Lactobacillus strains were evaluated by 16S-23S intergenic amplicon profile. The 
relatedness of like-strains was compared by: phylogenetic tree reconstruction using 
sequence data; and dendrograms using biochemical data. The putative identities 
from different approaches were compared.
Results DNA concentration, PCR and sequencing primers, PCR protocol and origin 
of isolates (“untreated” or “treated”) influenced sequence acquisition. The 16S rRNA 
sequence search method (RDP/BLAST), together with treated/untreated tooth origin, 
influenced putative strain identity. Thirty-eight percent of “untreated” isolates and half 
the “treated” isolates were identified with £ 98% sequence homology; the majority of 
the rest varied between 93%-97%. The 16S-23S intergenic amplicon patterns 
helped confirm genus designation and strain variation. Biochemical profiles were 
graded “unacceptable” in 38% of all isolates; a higher proportion was from treated 
teeth (46%:32%). Biochemical identities matched with 16S rRNA identities to genus 
level in 72% of isolates, to species level in 45%, and the rest did not match. MICs 
from agar dilution and E-test were within 2 dilutions in 90% of tests. Frequency 
distributions of MICs showed NCCLS (2003) breakpoint values to give reliable 
interpretive categories. Thirty-eight percent of isolates showed resistance, which was 
more common amongst “treated” isolates (53%:26%). Antibiotic resistance helped 
confirm or query identities and inform strain variation.
Conclusions The 16S rRNA gene sequence, 16S-23S intergenic amplicon patterns 
and biochemical and MIC profiles gave different perspectives on isolates. Each 
approach provided accumulative evidence of subspecies strain variation and that 
strains colonising treated teeth may be influenced by treatment history.
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Chapter 1 - Introduction
Chapter 1 
Introduction
1.0 Justification for the study
The expenditure on treatment of periapical disease in the industrialised, developed 
world is significant. Endodontic problems and their management constitute a 
considerable proportion of clinical difficulties encountered in general dental practice 
in the UK (Callis et al. 1993, Ellis et al. 2001). The indications from Adult Dental 
Health surveys (Gray et al. 1968, Todd et al. 1978, Todd & Lader 1988, Steele et al. 
2000, Nunn et al. 2000) are that the survival of a higher proportion of teeth per 
individual into old age will lead to an increasing need for endodontic care (Eriksen 
1991). This reflects the attitudes of patients who wish to retain their natural dentition 
rather than accept prosthetic replacements (Bradnock et al. 2001).
The principles of root canal treatment were established over 100 years ago, 
before the microbial aetiology was firmly established. Over the last century, 
advances have been made in constructing a biological basis for this therapy, 
however the approach predominantly emphasises the bio-mechanical aspects 
where great improvements have been made in the instruments, materials and 
techniques used (Pettiette et al. 1999, 2001). The success rates of root canal 
treatments carried out in hospital and institute environments have, however, not 
increased from those (84%) recorded at the beginning of the 1900s (Lewsey et al. 
2001). The factors strongly associated with treatment prognosis include: the pre­
operative presence of periapical disease; size of the lesion; result of the culture test 
prior to obturation; apical extent and technical quality of root canal treatment; and 
the presence and quality of the final coronal restoration (Harty et al. 1970, Kerekes 
& Tronstad 1979, Molven & Halse 1988, Sjogren et al. 1990, Ng et al. 2003). A 
deficit of endodontic skills amongst general dental practitioners remains one of the 
most important barriers to effective delivery of endodontic care (Eriksen 1991). The 
success rate of root canal treatment in general practice is therefore lower (40% to 
80%) than in institutes (Nelson 1982, Eriksen 1991). This leaves dentists facing an 
increasing number of “retreatments” where correction of technically mediocre to 
poor root canal treatments is required (Edmunds & Dummer 1994, Dummer 1997). 
Unfortunately, the success rates for “retreatments” (even in hospitals and institutes) 
are significantly lower (mean of 66%, range 48%-88%) than for primary treatment 
(Hepworth & Friedman 1997).
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The clinical factors influencing success rates are all directly or indirectly 
associated with the microbial infection. Further progress in the management of 
periapical disease is therefore unlikely without better knowledge of the intra- 
radicular infection. The microbial flora in previously untreated teeth consists of a 
select proportion of the oral flora; it is also predominantly anaerobic when the pulp 
chamber is not breached, and restricted in diversity because of the selective 
pressures exerted by the environment. Gram-negative bacteria have been 
implicated in the pathogenesis of periapical disease and well characterised in 
previous studies (Sundqvist 1976, Haapasalo etal. 1986).
Culture tests of the root canal system before and during treatment show the flora 
to become depleted leaving predominantly facultative, mainly gram-positive 
coccoid morphotypes (Engstrom et al. 1964). The root canal flora of treated teeth 
with persistent periapical disease is even more restricted, consisting of 
Enterococcus faecalis, Staphylococcus spp. and Streptococcus spp.; that is, mainly 
gram-positive coccoid morphotypes (Sundqvist et al. 1998, Molander et al. 1998, 
Hancock et al. 2001). Some of these bacteria are inherently more difficult to kill 
(Evans et al. 2002) and may account in part for the lower success rates of 
retreatment (Engstrom et al. 1964, Sundqvist et al. 1998).
Success rates of root canal treatment may be improved by a better 
understanding of the nature and diversity of the bacterial flora associated with 
treatment failure. Previous efforts at characterising the root canal flora have relied 
on traditional methods of cultivating bacteria from samples and then identifying them 
by using physiological and biochemical tests. This approach is heavily influenced by 
the conditions of test and the derived identities and classifications of the bacteria are 
unstable. The recommended approach to supplement, and according to some 
replace, these traditional methods is to use the gene sequence of physiologically 
important macromolecules, such as the 16S rRNA gene. These techniques have 
only recently been employed for characterising the diversity of the root canal flora, 
even though they have the added advantage of not requiring cultivable bacteria for 
identification. Such molecular techniques are not without their own biases, it was 
therefore considered appropriate to characterise the species richness of cultivable 
gram-positive coccoid morphotypes from root canal systems using these methods 
first. The purpose was to identify biases, procedural problems and to optimise 
protocols for such work on root canal isolates before cultural and molecular 
dissection of the total microbial flora of the root canal system.
The process of understanding the problem should begin with an insight into the 
aetiology and pathogenesis of pulp disease, the precursor of periapical disease.
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1.1 Aetiology and pathogenesis of pulp disease
1.1.1 Normal structure and function of the pulpldentine complex
The dental pulp is a connective tissue covered on its outer periphery by a layer of 
specialised cells (odontoblasts) that produce the major component of the tooth, the 
mineralised dentine. The hard shell of dentine is permeated by millions of tubules 
(with an approximately radial distribution), each containing a cellular process from 
an odontoblast. In the completely formed tooth, the dentinal tubules have a diameter 
of 3 pm at the outer periphery of dentine with a density of 15,000 per mm2. As the 
dentinal tubules converge towards the pulp, they are more closely packed together 
and their diameter reduces to 1 pm, with a density of 65,000 per mm2. The dentinal 
tubules make up 20-30% of the volume of dentine and the odontoblastic processes 
are bathed in a unique protein-rich serum (dentinal fluid) which is normally under 
positive pressure (Knutsson et al. 1994). The pulp tissue has a rich neuro-vascular 
bed supplied by centrally located arteriolar and neural bundles.
The whole system of integrated soft and hard tissue is known as the “pulp- 
dentine complex”. The coronal dentine is normally protected on its outer aspect by a 
layer of hard mineralised tissue called enamel and the radicular dentine by a 
mineralised tissue called cementum (Ten Cate 1994). The cementum is otherwise 
impervious to macromolecules, a feature that makes it possible to carry out root 
canal treatment (Noyes 1922, Nygaard-0stby & Schilder 1972).
The neurovascular systems together with the ground substance are able to 
confine localised inflammation. The neurovascular and immunologic systems 
interact (neurogenic inflammation) to protect the pulp tissue against external 
molecular or microbial stimuli (Watts & Paterson 1981, Bergenholtz 1990). An 
extremely important function of the pulp-dentine complex is to work in concert with 
these systems to block off further ingress of external stimulating factors by dentinal 
tubule sclerosis (calcification) and formation of secondary and reactionary dentine 
(Pashley 1985).
1.1.2 Causes of Pulpal injury
The pulp may be injured in a variety of direct and indirect ways (Shovelton 1976), 
including loss of or damage to dentine (Stanley et al. 1985, Langeland 1987, 
Andreasen & Andreasen 1994), periodontal disease (Dongari & Lambrianidis 1988), 
operative procedures (Smith etal. 2002) and microleakage (Browne & Tobias 1986). 
The relative importance of the different factors causing pulp injury has been a matter 
of debate. In the 1950s and 1960s, the effect of operative procedures was 
considered a dominant factor, including the toxic effect of restorative materials. Pulp
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damage was believed to be caused by accumulative injury, beginning with caries or 
trauma and then superimposed by restorative procedures (Langeland & Langeland 
1965). At some undefined point, the inflammatory response of the pulp would 
become chronic and spread circumpulpally (Bergenholtz 1990). If the pulp survived 
the restorative procedures, then slow recovery would leave the pulp fibrosed and 
more susceptible to necrosis by future insults (Langeland & Langeland 1965, 
Marsland & Shovelton 1970, Morrant 1977).
Controlled animal and human studies during the late 1960s and early 1970s 
challenged these views (Hansen & Bruun 1971, Browne & Tobias 1986). They 
revealed that pulp injury caused by restorative procedures and toxicity of restorative 
materials was reversible provided that microbial leakage was eliminated 
(Bergenholtz et al. 1982, Cox 1987, Mejare et al. 1987). The contemporary view 
integrates these divergent theses into one where the pre-operative, intra-operative 
and post-operative factors all play some part in the final outcome on a scale of 
varying influence. All factors impact on the integrity of the pulp-dentine complex and 
in particular on the survival and replacement of injured odontoblasts (Murray et al. 
2002a, b, c).
The pulp may succumb instantly as in impact traumatic injuries (Andreasen & 
Andreasen 1994) or slowly over many years (Karlsson 1986, Bergenholtz & Nyman 
1984, Walther 1995, Lam & Wilson 1999).
1.2 Aetiology and pathogenesis of periapical disease
Leeuwenhoek (1697, in Dobell 1960) first described bacteria sampled from root 
canals, but it was another 200 years before Miller (1894) implicated them as 
aetiological factors. He also commented on the disparity in diversity of morphotypes 
evident in root canal sample smears compared to those in the cultivated samples; 
the latter revealed a much simpler flora, leading him to conclude that some root 
canal bacteria were uncultivable. Over a hundred years later, uncultured bacteria in 
root canal systems of teeth with periapical disease still remain undefined (Munson et 
al. 2002).
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1.2.1 Aetiological factors in periapical disease
Uncertainty about the bacterial origin of periapical disease allowed theories involving 
other aetiological factors to become established. These included:
• Stagnant tissue fluid (Rickert & Dixon 1931) but disproved by Torneck 
1966, Phillips 1967, and Klevant & Eggink 1983.
• Necrotic pulp tissue (Shovelton & Sidaway 1960, Stabholz & McArthur 
1978, Allard etal. 1979, Shinoda etal. 1986) but disproved by Torneck 1966, 
Phillips 1967, Bergenholtz 1974, Sundqvist 1976, and Dahlen etal. 1981.
• Bacterial products such as lipopolysaccharide (LPS), sialic acid, M protein, 
cell capsule and cell wall constituents were implicated by Schein & Schilder 
1975, Dahlen & Bergenholtz 1980, Dahlen et al. 1981, Pitts et al. 1982, 
Schonfeld etal. 1982, Horiba etal. 1990,1991 and Seltzer & Farber 1994.
• Viruses were investigated by Shindell 1962, Kettering & Torabinejad 1993 
and Heling etal. 2001 but no definitive evidence was found.
The credit for demonstrating a definitive causal association between bacterial 
infection and periapical lesion development is extended to Kakehashi et al. (1965), 
who compared the pulpal and periapical reactions to experimental pulp exposure in 
germ-free and conventional rats. The teeth in the former case exhibited healing, 
whilst the latter showed pulp necrosis and periapical lesion development. The work 
was confirmed using conventional and mono-infected (Streptococcus mutans) 
gnotobiotic rats (Korzen et al. 1974). The causal relationship between root canal 
infection and periapical disease was further consolidated by Sundqvist (1976). Using 
validated, strict anaerobic techniques for sampling and cultivation, he found no 
cultivable bacteria in traumatised, intact teeth with an absence of periapical disease. 
However, 18 out of 19 teeth associated with periapical disease gave positive 
cultures, revealing over 90% strict anaerobes (Sundqvist 1976).
1.2.2 Pathogenesis of periapical disease
Periapical disease is the result of interaction between bacteria (and their products) 
and the host defences. Both the non-specific and specific branches of host defences 
are recruited to defend against the potential invasion of the body by bacteria. The 
full range of immune mechanisms has been implicated in the development of the 
periapical lesion (Nair 1997, Waterman et al. 1998, Nair 1998, Takahashi 1998, 
Stashenko et al. 1998, Marton & Kiss 2000).
The periapical lesion therefore represents the resorption of bone away from the 
source of infection, creating space for the body’s defensive elements to migrate into 
the immediate vicinity of the infection to counter it (Stashenko et al. 1998).
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There is an interaction between the neural and immune systems in controlling 
the non-specific and specific defensive responses. It is also possible that 
microorganisms participate in this regulatory function (Henderson 1999).
As the precise pathological mechanisms involved in the genesis of the 
periradicular lesion are unclear (Torabinejad & Bakland 1978, Nair 1997, Takahashi 
1998, Marton & Kiss 2000), a synthesised model of the possible sequence of events 
is proposed from the available information. Initially it is assumed that an undefined, 
polymicrobial infection stimulates the host response, the possible relevance of its 
composition and pathogenicity are discussed later.
The pathogenesis of periapical lesions has been studied in a variety of animal 
models by artificial induction. The models include: rats (Kakehashi et al. 1965, 
Korzen et al. 1974, Yu & Stashenko 1987, Byers et al. 1990, Tani-lshii et al. 1994); 
mice (Baumgartner et al. 1992, Ribeiro Sobrinho et al. 1998); rabbits (Okada et al. 
1967); doas (Allard et al. 1979, Holland et al. 1994); ferrets (Fouad et al. 1992); cats 
(Stabholz & Sela 1983, Torabinejad & Bakland 1978); and monkeys (Valderhaug 
1974, Moller et al. 1981, Syed et al. 1982, Walton & Garnick 1986). The results of 
these studies are interpreted with caution because the microbial flora and host 
responses may be different from the human condition (Tani-lshii et al. 1994, 
Takahashi 1998).
As the root canal infection develops and matures, it progresses apically until 
certain, as yet ill-defined elements, either bacterial products or bacteria, themselves, 
are in a position to stimulate the periapical tissues via the apical foramina. In a 
previously unexposed host, the initial response will be a non-specific acute 
inflammation, consisting of a fluid exudate followed by a cellular exudate (principally 
polymorphonuclear leucocytes [PMNs]). The PMNs are attracted to the site by a 
number of bacteria-derived chemo-attractants, such as the peptide F-Met-Leu-Phe 
which constitutes the amino terminus of many bacterial proteins. In a previously 
exposed host, this initial exudate will also bring with it circulating antibodies that may 
be present. The PMN migration would also be further stimulated by activation of 
complements C3b and C5a via antigen-antibody-complex formation. The overall 
effect of pre-existing immunity is better confinement of the bacteria to the root canal, 
requiring only a sparse cellular infiltrate to deal with them and a fibro-encapsulation 
of the rich granulation tissue. In contrast, lack of pre-existing immunity results in 
poorer bacterial confinement as well as that of the cellular infiltrate, which is more 
diffuse and spreads into the trabecular system. These histological pictures translate 
into radiographic views of well-circumscribed, smaller, and better-demarcated
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periapical radiolucencies compared to more diffuse and extensive lesions, 
respectively (Dahlen etal. 1982).
The acute response may be accompanied by the usual clinical signs of pain, 
tenderness on percussion and tooth elevation, but it may also be too transient and 
minimal to be noticed. So far little bone resorption is likely to have taken place and 
no radiographic changes would be discernible.
The seclusion of bacteria in the root canal system prevents their removal and 
leads to a specific immune response; by direct stimulation of host cells which 
amplify the response by cascaded triggers of various molecular systems. These 
mechanisms are complex and not detailed here but the essence is summarised 
below in Figure 1.1.
Depending upon the nature of the stimulus and host susceptibility, a whole range 
of effects may be manifested, including the Types 1-4 hypersensitivity reactions. 
The magnitude of the response varies from individual to individual, depending upon 
both the stimulus and the host characteristics (Kohsaka etal. 1996). In some cases 
the host response may be exaggerated causing greater damage than the bacterial 
assault (Nair 1997, Takahashi 1998, Marton & Kiss 2000).
The clinical progression of the lesion may take one of several paths, including: 
acute apical abscess formation, an intensely painful event until bone resorption 
relieves some of the tissue pressure on nerve fibres in the periodontal ligament; 
chronic suppuration with sinus tract formation; or conversion to a chronic, stable but 
dynamic state (Nair 1997). The chronic lesions may undergo acute exacerbations as 
a result of changes in the balance between the bacteria and host responses or due 
to the proliferation of specific bacteria. Such acute phases, accompanied by 
invasion of the periapical lesion by viable bacteria may also result in increase in the 
size of the periapical lesion (Gutmann 1992). The possible mechanisms involved in 
these interactions are described below.
Interestingly, PMNs are chemo-attracted to the apical foramina, where they 
congregate to form an almost continuous “barrier” to the egress of bacteria. 
Surprisingly, in other cases this “barrier” is formed by proliferation of epithelial cells 
(Nair 1987); probably under stimulation by cytokines (Meghji etal. 1996).
In the event that bacteria enter the periapical tissues, they would normally be 
removed rapidly by PMNs and macrophages, the latter release leukotrienes and 
prostaglandins. The former class of these molecules attract more macrophages to 
the site and the latter contribute to bone resorption, creating space for invasion by 
more immune cells.
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Figure 1.1 Schematic diagram of host responses (adapted from Gulabivala [1995], with permission)
Initial presentation of the antigen may cause a non-specific response followed by a specific response if necessary.
There is interaction between the two types. If the body is pre-sensitized, the specific reaction begins immediately.
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The activated macrophages also continue to produce a variety of other 
mediators of inflammation, including interleukin 1 (IL-1), tumour necrosis factor-a 
(TNF-a) and chemotactic factors such as interleukin 8 (IL-8). These cytokines 
intensify the local vascular response, osteoclastic bone resorption, and can provoke 
a general alert by endocrine stimulation of fever and output of acute phase proteins 
and other serum factors. The IL-1 and TNF-a act in concert with IL-6 to up-regulate 
the production of haemopoietic colony stimulating factors that are able to mobilise 
more PMNs and pro-macrophages from bone marrow. Death of bacteria, PMNs and 
macrophages in this encounter can result in suppuration, which may follow an acute 
or a chronic course. In the latter case, cytokines and lipopolysaccharide from 
bacterial breakdown products may stimulate the epithelial cells in the Rests of 
Mallasez to proliferate (Meghji et al. 1996) and line a tissue path for pus to escape 
to a body surface (usually intra-oral). About half of all induced periapical lesions in a 
study on monkeys developed sinus tracts (Valderhaug 1974). The prevalence of 
different clinical presentations of the disease process in humans (natural history), 
that is, the proportions that progress to acute or chronic abscesses (with or without 
sinus tract) or remain as chronic asymptomatic granulomas, is unknown.
The most rapid phase of lesion expansion takes place between the 7th and 15th 
days, followed by a slower expansion during the following 30 days (Stashenko et al. 
1994), when the lesion will become apparent by radiography. From 15 days 
onwards, the lymphocytes predominate in the cellular infiltrate (50-60%), followed 
by PMNs (25-40%), then macrophage-monocytes, plasma cells and blast cells 
(Stashenko et al. 1994). The lymphocytes are mobilised by the pro-inflammatory IL- 
1 and TNF-a. The T-helper (TH) cells predominate in the active phase of the lesion 
expansion, whereas the T-suppressor (Ts) cells predominate in the more chronic 
lesions. The relative balance of these two cell types therefore appears to be 
involved in modulation of lesion growth. In molecular terms, the TH mediated 
mechanisms involve production of y-interferon which activates macrophages to 
produce bone-resorptive mediators IL-113, IL-1 a, IL-4, IL-5, and IL-6, which stimulate 
antibody production and ultimately form immune complexes. Sixty percent of the 
total bone-resorbing activity of interleukins is attributed to IL-1 p, whilst the rest is 
due to IL-1 a, TNFa and lymphotoxin (LT). Arachadonic acid and its metabolites also 
participate in bone-resorbing activity as do numerous other mediators but the 
precise synchronization of events is far from clear (Torabinejad 1994). The 
macrophages may also be stimulated to produce the same factors by phagocytosis 
of bacteria and activation by LPS, whilst the TH cells may also participate in direct 
bacterial killing and produce LT (Stashenko etal. 1994).
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1.2.3 Nature of the periapical lesion associated with treated teeth
Much of the research on human periapical tissue has been conducted on undefined 
samples, that is, it is not known whether the sample was associated with treated or 
untreated teeth (Alavi et al. 1998). Many investigators have assumed that the 
responses would be the same. Only a few studies have focused on specified tissue 
samples, either from treated teeth (Bergenholtz et al. 1983, Kontiainen et al. 1986) 
or untreated teeth (Babal et al. 1987, Artese et al. 1991). A quantitative comparison 
of lymphocytes and their subsets in periapical lesions harvested from treated or 
untreated teeth showed differences in the inflammatory infiltrate and relative 
proportions of T, B and TH cells (Alavi et al. 1998).
The short-term (7-14 days) response of apical tissues to different root canal 
treatment procedures showed atypical lesions with total cellular destruction in the 
centre with PMNs aggregated at the periphery. The exact aetiology was uncertain 
but was attributed to sodium hypochlorite irrigant extrusion (Watts & Paterson 1993).
The long-term response in apical tissues may represent persistent chronic 
inflammation caused by residual intra-radicular bacteria (Nair 1987, Nair et al. 
1990a), established extra-radicular infection (Nair et al. 1990a), a foreign body 
response (Nair et al. 1990b) or a radicular cyst (Nair et al. 1993).
1.2.4 Association between root canal flora and lesion development
The range of periapical responses to the root canal microbial flora reported above 
may be a function of variation in host response (Kohsaka et al. 1996) or a function of 
fundamentally different types of microbial flora (Ribeiro Sobrinho et al. 2002). It is a 
clinically attractive proposition to be able to segregate different floras with different 
pathogenicity that may also have different susceptibilities to treatment and therefore 
merit specific treatment protocols.
The fundamental reason for accurate identification of bacterial isolates from root 
canals is to disclose those bacteria or bacterial combinations that may play key roles 
in the progress of the disease or its acute exacerbation and especially those that 
may be resistant to conventional therapy or implicated in treatment failure (Crawford 
& Shankle 1961, Sundqvist 1994).
The counter-view is that it would be difficult to segregate the effect of individual 
species because of the polymicrobial nature of the infection. The concept of non­
specific polymicrobial infection holds that it would be difficult to attribute specific 
roles to individual species, as subspecies variation may account for pathogenicity 
(Pupo et al. 1997, Takahashi 1998, Bowden 1999). There is a rising tide of interest 
in the common mechanisms underlying polymicrobial diseases (Brogden & 
Guthmiller 2003).
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The possible association between the type of root canal flora or individual 
species and periapical lesion development has been studied by several groups of 
investigators. Stashenko’s group attempted to correlate the changes in the root 
canal flora with the induction of periapical lesions by autogenous infection in a rat 
model (Tani-lshii et al. 1994). They found that the number of bacterial colonies did 
not increase between days 7 and 15, when the critical periapical lesion expansion 
took place. The proportion of strict anaerobes doubled from about 25% to 50% 
during this time and the proportion of gram-negative bacteria also doubled. They 
found that the mean number of species (-3.5) per tooth remained the same 
between these time points but the overall diversity increased on day 15. They 
therefore concluded that the critical period of lesion expansion corelated with the 
change in the root canal flora to one that was more anaerobic and gram-negative.
Moller’s group published a series of what are now regarded as classic studies 
evaluating the periapical responses to indigenous bacterial infections in the monkey 
model, using an experimental design that comes as close as possible to testing the 
Koch’s postulates for a polymicrobial infection (Moller et al. 1981, Fabricius et al. 
1982a, b).
In the first study, pulps in 78 teeth were necrotised and 52 were infected by 
leaving the canals open to the oral environment for 1 week. Initial root canal 
samples were obtained and the teeth were sealed for a period of 6-7 months. The 
teeth were re-opened and sampled again, in conjunction with radiographic and 
histological evaluation of the periapices. They found that non-infected teeth did not 
develop periapical radiolucencies or inflammation. Of the infected teeth (52), 47 
developed periapical lesions, and consistent with the findings of Stashenko’s group, 
the proportion of facultative anaerobic species decreased and strict anaerobic 
species increased over the 6-7 month period (Moller et al. 1981). Unfortunately, the 
species were only identified to the genus level using biochemical tests.
The second study aimed to evaluate the distribution of bacteria (between main 
canal, dentine and apical 3-4 mm of the canal) in autogenously infected root canals 
in monkeys after varied times of closure (90, 180 & 1060 days) (Fabricius et al. 
1982b). The ratio of obligate anaerobic to facultative anaerobic bacteria increased 
from the baseline of 1.7 (7 days) to 3.9 (90 days) to 6.5 (180 days) and finally to > 
11.3 (1060 days). The initially larger proportions of gram-positive cocci and rods 
declined, whilst the proportion of gram-negative cocci and rods increased. Some of 
the facultative species could not be recovered at the later time points. The major site 
of infection was the main canal, followed by dentine, and then the apical part of the 
canal. The ratio of obligate to facultative organisms increased in the same sequence
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(Fabricius et al. 1982b). it was rationalised that the flora in the apical part of the 
canal was probably that most likely to have interacted with the host tissues. A 
potential criticism of these studies was that as yet unsampled or uncultivated strains 
may have played a part in the pathogenesis of the lesions.
In the final study (Fabricius et al. 1982b), therefore, 11 isolated strains (including 
8 strains from one tooth, representing its total cultivable infection) from the previous 
studies were used to inoculate 63 necrotised canals in monkey teeth, in various 
combinations, but always in equal proportions. The reported “eight strain collection” 
consisted of Bacteroides oralis, Fusobacterium necrophorum, Fusobacterium 
nucleatum, Streptococcus milleri, Enterococcus faecalis, Peptostreptococcus 
anaerobius, Actinomyces bovis and Propionibacterium acnes. After a period of 6 
months, it was found that the “eight strain collection” was recovered from all teeth, 
interestingly, in the same proportions that it had been recovered from the original 
tooth. This suggested that selective pressures must have been at play in the root 
canal system to reproduce the “same infection". Other combinations did not survive 
as effectively, some species were not recovered at all. Of the single strains 
inoculated, only Enterococcus faecalis survived in every case. Bacteroides oralis, 
which dominated all mixed infections, did not survive as a sole inoculant. Periapical 
destruction was consistently associated with the mixed infections but not with the 
single strain infections, where some periapical inflammation was evident depending 
upon the extent of bacterial survival. The exception was E. faecalis, which has been 
shown to induce periapical changes (Allard et al. 1987). In contrast, a separate 
study using the dog model found that inoculation of Staphylococcus aureus, 
Streptococcus sanguinis, Pseudomonas aeruginosa and Bacteroides fragilis as 
mono-cultures in root canals elicited periapical responses (Allard etal. 1979). Those 
for Pseudomonas aeruginosa and Bacteroides fragilis were chronic inflammatory 
whilst those for the other species were dominated by PMNs. Ribeiro Sobrinho et al. 
(2002) evaluated the cytokine profiles of mono- and polymicrobial infections; they 
concluded that the immunological response was species-specific.
Periapical lesion development therefore seemed to be dependent upon the 
nature of the mixed infection, the succession within it, and its ultimate survival; 
although some species were capable of survival and host stimulation as sole 
pathogens. Infection and lesion development were clearly influenced by as yet 
undiscovered ecological factors.
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1.3 Microbial ecology and root canal infection
1.3.1 Study of bacterial interactions in animal models
Robert Koch’s pure culture techniques contributed enormously to the development 
of microbiology but the approach provided little opportunity for studying interactions 
between microorganisms and their biotic (living) and abiotic (non-living) 
surroundings (Atlas & Bartha 1993, Ribeiro Sobrinho et al. 1998). Dahlen et al.
(1987) took the next logical step in their series of studies by evaluating the 
interactions within the “eight strain collection” using a tissue cage model implanted 
in rabbits. Their findings were consistent with those evident from the root canal 
studies, despite the different biotic and abiotic conditions; some of the obligate 
anaerobic species declined initially but started to grow after 1-3 days and 
constituted the main part of the recovered bacteria at the termination of the 
experiments. In contrast, the facultative anaerobic species that predominated 
initially, decreased gradually and their proportion at the end of the experimental 
period was minute. Comparison of these findings with those from broth cultures 
showed starkly different results; where the fast-growing facultative organisms rapidly 
overgrew the slow-growing obligate organisms. This is a universal observation in 
samples from other ecosystems (Perry & Staley 1997). The milieu of the root canal 
system was clearly exerting specific selection pressures. Growth of the 8 strains, 
cross-streaked on agar plates confirmed the pair-wise negative and positive 
associations. The work was repeated independently by another group with different 
strains implanted in polyethylene tubes in the backs of rats and the results 
confirmed (Wu et al. 1989). They also found that Actinomyces and Streptococcus 
species, which were inoculated in small numbers, became predominant members of 
the recovered flora. It was speculated that they were “helper” organisms that 
allowed strict anaerobes to survive and develop their pathogenic potential. The use 
of artificial in vivo models leaves many questions about the full range of relevant 
biotic and abiotic factors unanswered, hence the proposal to use an animal root 
canal model (Ribeiro Sobrinho eta!. 1998).
1.3.2 Study of bacterial interactions in the human model
Animal models pose their own problems, so Sundqvist (1992a) adopted a previously 
used human model to study associations between bacteria in root canal systems 
(Socransky et al. 1988). The method involved isolation of all cultivable bacteria from 
a large number (n = 65) of root canals associated with periapical disease; the odds 
ratios of the likelihood of pairs of bacteria occurring together were then calculated. 
The odds of an event, was defined as the ratio of the probability of the event to the
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probability of its complement. A ratio of greater than 2 was taken as a positive 
association and less than 0.5 as a negative association. Of the 353 isolates 
recovered, 42 (12%) remained unidentified to species level. A mean of 5.4 strains 
per canal was found: positive associations were observed between some species;
• Fusobacterium nucleatum and Peptostreptococcus micros
• Porphyromonas endodontalis, Selenomonas sputigena and Wolinella recta
• Prevotella intermedia and Peptostreptococcus micros
• Peptostreptococcus anaerobius and Eubacterium species.
Negative associations were found amongst others;
• Propionibacterium propionicus, Capnocytophaga ochracea and Veillonella 
parvuia.
The positive and negative associations were similar to those of Socransky et al.
(1988) and were attributed to nutritional interactions, local physiological conditions 
(Eh, pH), bacteriocins and co-aggregation (Sundqvist 1992b). The bacterial names 
given above, are as reported in the paper, however, some have been subject to 
changes in classification and designation.
1.4 Microbial taxonomy, phylogeny and diversity
1.4.1 Taxonomy
Taxonomy consists of three separate but inter-related parts: (1) Classification of life 
forms into distinct, non-overlapping groups (taxa); (2) Nomenclature or naming of 
each unit of classification according to the International Code for the Nomenclature 
of Bacteria (1991) and; (3) the Identification of unknown isolates to place them in 
one of the known groups. If they do not fit into any of the known groups then they 
must be fully characterised to review their place in the classification. Taxonomic 
relationships may be phenetic or cladistic. Phenetic relationship is based on 
numerous observed properties of organisms, more or less equally weighted. 
Cladistic relationship is the inferred relationship by ancestry and involves a measure 
of time (Cain & Harrison 1960). Cladistic relationships are inferred from various 
types of phenetic relationships with the aid of additional assumptions about 
evolutionary changes (Sneath 1989).
1.4.2 Definition of species
Higher organisms have been classified and speciated mainly by their morphological 
and phenotypic similarities and production of fertile progeny within their own discrete 
group through sexual reproduction (Prescott et al. 1996). The definition of a species 
in prokaryotes is not as clear-cut because they reproduce asexually and
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microorganisms are invisible to the naked eye and therefore difficult to characterise 
on morphological grounds alone (O’Donnell et al. 1994, Perry & Staley 1997). A 
bacterial species has been historically defined as a group of organisms or strains 
that share many phenotypic properties and are significantly different from other 
strains (Prescott et al. 1996, Perry & Staley 1997). One strain of a species is 
designated a Type strain and forms the basis for comparison with any new isolates. 
The selection of a Type strain can be quite arbitrary and it is not unknown for the 
Type strain to cause confusion in identification and as a result it may have to be 
changed (Coykendall 1989, Kawamura et al. 1995). Strains may exhibit variation 
within a species and according to the property that varies may be called 
morphovars, biovars, serovars, pathovars or ecovars. Such use of biological 
characteristics leads to high resolution in the definition of species when considered 
from a taxonomic point of view but low resolution when considered from a 
phylogenetic or cladistic point of view (Moreno 1997).
An alternative definition of a bacterial species is based on the percentage of 
G+C composition and DNA hybridisation. This molecular definition of species 
recognises that all strains with approximately 70% or more DNA-DNA relatedness 
and 5°C or less ATm as belonging to the same species (O’Donnell et al. 1994, van 
Damme etal. 1996, van Belkum etal. 2001).
The use of 16S rRNA gene sequences is being used increasingly to help 
describe new species but the approach is not without its problems (Li et al. 1994). 
Nevertheless, the existence of vast amounts of 16S rRNA gene sequence 
information in databases makes it possible to identify new isolates by comparing 
16S rRNA sequences with them. In fact, this has been described as the “Gold 
Standard” of bacterial identification and classification (Amann et al. 1994, Ludwig & 
Schleifer 1994, Clayton et al. 1995, Pace 1997). However, species definition is 
problematic, and the debate about placing 16S rRNA gene sequence, genetic and 
phenotypic data into their correct perspectives has been ongoing (Murray et al. 
1990, Palys et al. 1997, Moreno 1997). On the one hand, intra-specific variation in 
rRNA sequences due to single and multiple operons allow diversity within a species 
(Clayton et al. 1995) but phenotypically and genotypically different species may 
have near identical 16S rRNA sequences in the case of recently divergent 
populations (Fox et al. 1992). Species definition based on 16S rRNA gene sequence 
data alone is controversial and sequences from uncultured organisms are better 
designated “phylotypes” rather than species (Paster et al. 2001). Stackebrandt & 
Goebel (1994) proposed that based on literature data, organisms sharing more than 
97% rRNA homology may belong to a single species but they found no threshold
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value of 16S rRNA homology for species recognition. It is considered that £ 98% 
similarity of sequence is likely to suggest same species and those below 98% 
sequence homology, after the 16S gene is fully sequenced, may be designated 
novel species (Fox et al. 1992, Paster et al. 2001, Munson et al. 2002).
In spite of the improvements, an acceptable definition of a bacterial species 
(basic taxonomic unit) is still to be obtained, and this makes quantification of 
microbial diversity that much more difficult (May 1994, Embley et al. 1994, O’Donnell 
etal. 1994).
1.4.3 Definition of genus
The definition of a genus is based on one or more prominent phenotypic 
characteristic(s) but there is no uniform definition of what constitutes a bacterial 
genus (Perry & Staley 1997). The subjective nature of the definitions has resulted in 
different interpretations by taxonomists working on different groups of organisms. 
Examples include the treatment of the families Bacillaceae and Enterobacteriaceae, 
with organisms in the first group markedly under-speciated (Rainey et al. 1994, 
White et al. 1994), whereas in the latter, different generic designations were used to 
describe the genera and species (Palleroni 1994). Taxonomists have therefore been 
dubbed “lumpers” or “splitters”, the former emphasise the similarities between the 
strains and the latter highlight their differences (O’Donnell et al. 1994, Perry & Staley 
1997).
Using the 16S rRNA gene sequence, the limits of sequence similarity used for 
acceptable genus designation are £ 91% (Munson et al. 2002).
1.4.4 Poiyphasic taxonomy
Molecular systematic analyses have provided a framework for studies on bacterial 
community structure and diversity. Bacterial speciation on physiological and 
biochemical (or phenotypic) characteristics gave phenetic classifications, which 
proved relatively unstable and provided little or no insight into the evolutionary 
relationship of the organisms (Woese 1987, Prescott et al. 1996). The relatively 
recent adoption of genetic approaches (16S rDNA), is giving rise to more stable 
phylogenetic classifications (Pace et al. 1986, Woese 1987, Stahl 1993, Ludwig & 
Schleifer 1994, Olsen et al. 1994). To understand how the diversity of bacteria 
present are able to colonise an oral site and overcome host defences to cause 
disease, however, both phenotypic and genetic characterisation should be studied 
together in context (Gharbia et al. 1995). The approach to bacterial classification 
using a combination of phenotypic, genotypic and phylogenetic information has 
therefore been suggested in the so called “poiyphasic taxonomy” (Colwell 1970, van 
Damme et al. 1996). For the purposes of routine identification though, this approach
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has not yet been adopted and even the benchmark Bergey’s Manual of 
Determinative Bacteriology still offers an arrangement that is strictly phenotypic, 
because this is still regarded as the simplest approach to identification (Bergey’s 
Manual of Determinative Bacteriology 1994, Prescott et al. 1996). The latest 
Bergey’s Manual of Systematic Bacteriology offers a phylogenetic approach to 
classification (2001). It is likely that in the future, taxonomy will be based on 
increasingly more detailed phenotypic and genotypic data sets (van Belkum et al.
2001). A poiyphasic analysis may consist of:
• Genotypic information including:
1. Total DNA (mol% G+C, restriction patterns [restriction fragment 
length polymorphism, pulsed field gel electrophoresis], genome size, 
DNA-DNA hybridisation);
2. DNA segments (PCR-based DNA fingerprinting [ribotyping; amplified 
rDNA restriction analysis -  ARDRA; randomly amplified polymorphic 
DNA -  RAPD; amplified fragment length polymorphism -  AFLP]; 
DNA probes; DNA sequencing); multilocus sequence typing (MLST);
3. RNA analysis (base sequencing, low molecular weight RNA profiles).
• Phenotypic information including:
1. Protein analysis (electrophoretic patterns of total cellular or cell 
envelope proteins [1 or 2 dimensional], enzyme patterns [multilocus 
enzyme electrophoresis]);
2. Chemotaxonomic markers (cellular fatty acids, mycolic acids, polar 
lipids, quinines, polyamines, cell wall compounds, 
exopolysaccharides);
3. Expressed features (morphology, physiology [Biolog, API kits], 
enzymology [APIZYM], serology [monoclonal, polyclonal antibodies]).
These tests would inform the placement of the organism at several different 
taxonomic levels; the resolution may extend from above family to subspecies levels 
(van Damme et al. 1996, Gurtler & Mayall 2001, Clarke 2002).
More recently, it has been suggested that genome phylogeny should be 
enhanced by analyses of gene content (Snel et al. 1999), other genes (Ahmad et al. 
2000) and whole genome analysis (Fitz-Gibbon & House 1999). Comparison of 
isolates using such complex, stratified data sets becomes increasingly complicated 
(Gurtler & Mayall 2001). Its analysis is facilitated by various mathematical 
approaches which are grouped under the developing discipline of numerical 
taxonomy (Sneath 1989, Prescott et al. 1996, van Damme et al. 1996, Goldman
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1997, Page & Holmes 1998, van Belkum et al. 2001, Parente & Ricciardi 2002, 
Daubin et al. 2002).
1.4.5 Numerical taxonomy
Numerical taxonomy has been defined by Sneath and Sokal (1973) as “the grouping 
by numerical methods of taxonomic units into taxa on the basis of their character 
states” (Sneath 1957, Sneath 1989, Prescott et al. 1996). The simplest form of 
numerical taxonomy is based on the construction of a similarity matrix. It begins by 
determination of the presence or absence of selected characters in the group of 
isolates under study. A character is defined as an attribute about which a single
statement can be made (i.e., present or absent). As many characters as possible
are included for a reliable classification. The characters are compared in pair-wise 
fashion to arrive at a simple matching coefficient, that is, the proportion of characters 
that match (present or absent).
a + d
Simple matching coefficient (S sm) =  -----------------------
a + b + c + d
where, a = number of characters coded as present for both organisms
b & c = number of characters differing between the organisms
d = number of characters absent in both organisms
In another version, the Jaccard coefficient, absent characters in the pair of isolates 
are ignored. So,
a
Jaccard coefficient (SJ) = -----------------
a + b + c
The characters under evaluation may be differences in homologous nucleotides, so 
that a comparison of two sets of aligned sequences would be undertaken in pair­
wise fashion according to 
2(AB)
Sab ~ -------------
(A + B) (Pace et al. 1986, Sneath 1989).
The coefficients are then entered into a similarity matrix that allows comparison of all 
isolates against each other. The rows of isolates are then rearranged in descending 
order to allow those most similar to be grouped or clustered into so called phenons. 
The results can also be displayed in the form of a dendrogram (Sneath 1957, 
Prescott etal. 1996). Such an analysis was used by Sundqvist (1976) to analyse the 
diversity of isolates in his study and enabled the placement of unidentified isolates to 
their closest Type strain. In contrast to such phenetic groupings, phylogenetic or
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cladistic analyses demand numerous assumptions about the evolutionary process 
and complex mathematical calculations.
1.4.6 Estimation of Phytogeny
Whereas Sneath (1989) described the primary goal of taxonomy as classification of 
organisms into useful and coherent subgroups whose members shared the 
maximum number of common properties and about which it was possible to make 
the greatest number of predictive generalisations, others took a different view. 
According to Kluyver & van Niel (1936), one of the major goals of systematics was 
always to establish a classification that reflected the evolutionary relationships of 
organisms. Since every organism is a product of its evolutionary history, knowledge 
of this must contribute to its better biological appreciation (Ludwig & Schleifer 1994). 
A history of evolution may be reconstructed for higher organisms from morphological 
changes evident in fossil records. An equivalent fossil record does not exist for 
bacteria, nor are their morphological and physiological properties informative 
enough to act as phylogenetic markers (Woese et al. 1990).
Natural selection is at the heart of the evolutionary process. Those organisms 
with the genes that best adapt them to the environment will survive and their 
frequency will increase in the population (Page & Holmes 1998). In higher 
organisms, variation in the genetic material is provided by sexual reproduction as 
well as the process of mutation. In microorganisms, the main source of such 
variation comes from mutation of existing genetic material and horizontal transfer of 
genetic material by mobile genetic elements (Daubin et al. 2002). Random 
mutational changes in the genetic code may serve as an evolutionary record for 
tracing the events back but horizontal transfer may confound the potential to do so 
(Pace 1997). The merit for suggesting the use of molecules as documents of 
evolutionary relationships is universally accorded to Zuckerkandl and Pauling 
(1965). Significant progress in bacterial phylogeny did not come until the late 1970s 
when Carl Woese’s group used comparative 16S rRNA sequence analysis and 
phylogenetic tree reconstruction to discover the true or natural evolutionary 
relationships between microorganisms.
1.4.7 Utiiity of 16S ribosomal genes
Numerous macromolecules may be used to trace evolutionary change (Snel et al. 
1999, Fitz-Gibbon & House 1999, Ahmad et al. 2000, Daubin et al. 2002). The most 
reliable molecular chronometer should accumulate changes randomly but should not 
accrue multiple changes at the same site because this would mask correct 
measurement of change. The molecule should also be functionless and independent 
of the overlaying phenotype and be present in and serve the same role in all
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organisms. All these conditions, are rarely met, in fact the adopted small subunit of 
ribosomal RNA gene is a non-linear chronometer as different parts of the molecule 
accumulate change at different rates (Woese 1987, Krawiec & Riley 1990). As a 
result, a direct correlation between the degree of sequence dissimilarity and elapsed 
time cannot be postulated. On the other hand, the advantage of this non-linearity is 
that there are highly conserved to highly variable regions in the same molecule and 
these can be informative about different “eras” of evolution. The more conserved 
regions inform about earlier events and the variable regions about the most recent. 
Another consequence of this non-linearity is that phylogenetic relationships 
reconstructed from partial sequences may give variable outcomes. It has been 
suggested that phylogenetic relationships reconstructed from rRNA should use 
complete or near complete sequences (Ludwig & Schleifer 1994). To place this in 
context it must be noted that all the early work by Woese’s group (1987) that led to 
the redefinition of the evolutionary tree of life was based on oligonucleotide 
cataloguing, it being unrealistic to sequence the genes in their entirety with the 
techniques available at the time (Pace et al. 1986, Woese 1987). It has been 
suggested that sequence relationships are subject to greater sampling error when 
the sequences are shorter. This gives rise to imperfect correlation between 
oligonucleotide catalogues and full sequences (Sneath 1989). Although still a 
substantial undertaking, full sequencing of genes is more easily achieved with 
contemporary techniques and adds greater resolving power to the technique 
(Woese 1987).
Despite the optimism about the utility of the small subunit of ribosomal RNA in 
phylogenetic studies, there has been some doubt cast in two contexts:
1. It has been suggested that intra-specific variation was greater than 
anticipated and may reflect both strain and multiple operon variation (Clayton 
etal. 1995);
2. That the rRNA sequences do not have the resolution to distinguish between 
gram-positive bacteria that diverged at nearly the same time and alternative 
phylogenetic markers have been proposed (Ahmad et al. 2000).
1.4.8 Utility of other macromolecules
A number of macromolecules other than rRNA genes have also been used for 
phylogenetic analyses, including, elongation factors, subunits of ATPase, RNA 
polymerases, tRNAs and protein sequences, but the ribosomal RNAs have proved 
most useful. There also appears to be a correlation between molecular and 
organismal evolution (Pace et al. 1986, Ludwig & Schleifer 1994). The phylogeny 
based on completely sequenced genomes of 12 bacteria has correlated well with
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that constructed from 16S rRNA gene sequences (Fitz-Gibbon & House 1999, Snel 
et al. 1999). This was taken to mean that horizontal gene transfer played only a 
limited role in determining the gene content of genomes. In contrast, other studies 
have shown that genes participating in housekeeping functions (operational genes) 
have a different phylogeny to genes participating in transcription, translation and 
related processes (informational genes) when compared with the complete genome 
sequences of several bacteria (Rivera et al. 1998, Fitz-Gibbon & House 1999, Jain 
et al. 1999). It was suggested that operational genes have been horizontally 
transferred continuously since the divergence of prokaryotes while informational 
genes have been seldom transferred.
1.4.9 Data comparison and phylogenetic reconstruction 
Phylogenetic relationships are traditionally depicted on a diagram called a tree 
(mathematical structure), so named because of the way the branching arrangement 
of divergent lineages resembles the branches of a tree (Morrison 1996, Goldman 
1997, Page & Holmes 1998). Such a depiction cannot encompass all evolutionary 
eventualities, such as horizontal transfers but it is accepted that the tree provides 
the most representative model available. A tree consists of nodes and branches, the 
terminal nodes represent sequences or organisms for which data are being 
analysed (extant [living] organisms). These are linked by branches to the internal 
nodes, which represent hypothetical extinct ancestors. The length of the branch is 
supposed to be indicative of the relative (not absolute) time scale over which the 
change is likely to have occurred (Goldman 1997, Page & Holmes 1998).
Phylogenetic trees can only be as good as the underlying nucleotide sequence 
alignment. A correct alignment ensures that only homologous characters (or 
nucleotides) are compared. The conserved regions in the rRNA sequence are 
essential in helping to achieve correct alignment. In the variable regions, where 
insertions and deletions may be present it may- be impossible to achieve alignment 
from the primary structure. The higher order or secondary structure can then play a 
part in resolving such problems. Different sizes of secondary structure may make 
alignment more difficult to resolve. Where alignment is not possible at specific sites, 
substitutions or gaps may be artificially introduced to allow alignment to occur. Such 
changes usually incur a penalty in the form of substitution and gap scores (Altschul 
1997). Substitution scores are based on a wide variety of rationales, including, the 
genetic code, physical-chemical properties, studies of molecular structure and 
evolution. Although a statistical theory is available for optimal substitution scores for 
certain local alignment problems, the theory does not extend to global alignments. 
Unfortunately no good theory exists for selection of gap scores and the latter have
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been chosen by trial and error (Altschul 1997). The gap score or penalty specifies 
the cost of a gap relative to a substitution. The basic task of sequence alignment is 
to find the alignment with the lowest cost, for which several algorithms are available. 
Multiple alignments are more difficult and there are various ways of performing 
them. The first is to find the alignment that minimises the total cost of all the pair­
wise alignments. The disadvantage is that the cost is difficult to interpret biologically, 
that is, it does not infer the number of evolutionary events represented. An 
alternative is to align all sequences using a tree, which is easier to interpret but the 
process may bias the tree-building. A solution is to infer both the alignment and tree 
at the same time and is an approach increasingly used (Page & Holmes 1998).
1.4.10 Tree-building
The conversion of sequences to phylogenetic trees is a complex and difficult 
process which has been made both easier and more difficult for the researcher. It 
has become easier because complex but accurate models of nucleotide substitution 
can be explored through powerful software applications. By the same token, the 
explosion in software and analysis options available, makes selection and 
understanding of the processes involved more difficult. The basic problem is that for 
every combination of sequences there is a high number of possible trees.
The number of rooted trees Rn for n > 3 is given by 
Rn = (2n - 3) (2n - 5)
Therefore the number of trees increases as follows with the increase in number of 
sequences from 3-10 (Page & Holmes 1998);
3 3
4 15
5 105
6 945
7 10395
8 135135
9 2027025
10 34459425
The sequence data may be treated in one of two ways, either as distances or as 
discrete data. Distance methods first convert the sequences into a pair-wise 
distance matrix as previously described and then input the data into a tree-building 
method (Fitch & Margoliash 1967). Therefore the sequence data is summarised into 
a single figure, whereas the discrete methods (maximum parsimony or maximum 
likelihood) utilise the sequence information at every position. Some argue that the 
distance method is more akin to a phenetic tree but this depends on the 
mathematical strategy adopted to model the process of nucleotide substitution. The
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strategy for the mathematical modelling of evolutionary nucleotide substitution may 
be divided into two: (1) clustering or (2) search methods (Sneath 1989, Morrison
1996).
1.4.10.1 The cluster methods use a series of predefined steps (algorithms) 
to arrive at a tree but do not allow the evaluation of competing hypotheses: two 
different trees may explain the data equally well but only one is selected based on 
the algorithm. Their advantage is computational ease, speed and the fact that a 
single tree is produced. The mathematical techniques used to estimate branch 
lengths include, linear programming and least squares methods, which may not be 
very accurate. Methods such as Unweighted pair group method with arithmetic 
means (UPGMA), Neighbour joining and Neighbourliness, analyse distance-data 
(Morrison 1996). The disadvantages of the distance methods are that information is 
lost and the branch lengths are difficult to interpret (Page & Holmes 1998). Some 
distance methods (Minimum-evolution procedure and Distance-Wagner method) 
analyse the data using an optimality criterion. The optimal tree is found by heuristics 
(clever searching methods often described as “quick and dirty” of which there are a 
large number) (Morrison 1996).
1.4.10.1 The search methods use optimality criteria to choose the optimal 
tree by assigning scores that are functions of the relationship between the tree and 
the data. They therefore allow competing hypotheses to be tested but their 
disadvantage lies in their computational sluggishness (Goldman 1997, Page & 
Holmes 1998).
Maximum parsimony methods use the sequence data matrix directly and the 
underlying model of evolution assumes that the contemporary sequences were 
derived from their ancestors by acquiring the least number of changes (Farris 1970, 
Fitch 1971, Morrison 1996). The invariants (or evolutionary parsimony) method also 
analyses the original data matrix using an optimality criterion but was developed 
specifically for nucleotide sequence data (Lake 1987). The methods seek the most 
parsimonious trees among the possible topologies by determining the sum of 
changes that must have occurred to yield the sequences in the alignment. The 
advantages are that the approach is relatively straightforward to understand 
because it makes few assumptions about the evolutionary process (a controversial 
issue), and it has extensive mathematical and software support. It is based on an 
implicit assumption that evolution is rare. Parsimonious trees tend to misplace 
organisms or groups if the amount of divergence is remarkably different in different 
lineages (Ludwig & Schleifer 1994) and are not widely recommended (Goldman
1997), although journal editors often demand them.
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Maximum likelihood methods analyse the sequences on a site-by-site basis and 
incorporate an explicit model of sequence evolution (Felsenstein 1981). In this 
approach, the tree that makes the data the most probable evolutionary outcome is 
the maximum likelihood estimate of the phylogeny. There is an important distinction 
between probability and likelihood: the sum of probabilities equals 1, those of 
likelihood do not. The likelihood is not the probability that the tree is a true tree 
rather it is the probability that the tree has given rise to the data under analysis. The 
method of maximum likelihood is to vary all the known parameters (tree, branch 
lengths, etc.) until the highest possible likelihood is attained and to take these values 
as parameter estimates. The mathematical strategy involves Markov chain models 
of continuous time. The modelling consists of guessing a likely solution and testing 
its parameters, the process is iterative and repeated until the program can find no 
improvements. The computational power required is high but the methods are of 
choice whenever feasible (Ludwig & Schleifer 1994, Goldman 1997, Page & Holmes
1998). A fast method for approximating maximum likelihoods of phylogenetic trees 
from nucleotide sequences has been reported (Rogers & Swofford 1998).
1.4.11 Validity of tree-building methods
There are numerous comparisons of methods for estimating phylogenetic trees but 
few are conducted independently of the authors of the software and so are regarded 
as biased (Hillis et al. 1994, Goldman 1997). There seems little doubt that maximum 
likelihood is the method of choice (Ludwig & Schleifer 1994, Goldman 1997, Page & 
Holmes 1998).
The power of a method refers to the response of the method to increasing 
amounts of data. A powerful method is one in which the data converges to a single 
tree with a relatively small number of characters. The consistency of a method is its 
ability to converge to the correct tree. The robustness of a tree-building method 
refers to how much the assumptions of the method can be violated before the 
method becomes inconsistent (Morrison 1996).
There are few means to test the confidence of these tree-inferring methods. Two 
approaches include the so called Jack-knife method and Bootstrapping. The former 
consists of re-sampling by dropping some of the data points randomly and 
reconstructing the tree. This is repeated at least 100 times with alternately truncated 
data sets. The significance of the tests is expressed as the highest fraction of runs 
of re-computation in which the organisms appear monophyletic.
Bootstrapping works by creating new data sets from the original data set by 
repeatedly drawing items of data until a complete set is created. Each site of the 
original alignment may appear once, twice or more often or it may not appear at all.
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Bootstrap data are analysed exactly as the original and the procedure is repeated 
hundreds of times. The distribution of bootstrap results gives an estimate of the 
variability of the original result. The bootstrap does not estimate the accuracy of the 
analysis but the variability of the data. It does not indicate whether the analysis is 
inappropriate or inaccurate (Morrison 1996, Goldman 1997).
1.4.12 Estimation of diversity (species richness and evenness)
The sequences of nucleotides that code for ribosomal RNA, therefore possess the 
information to reveal an organism’s identity as well as its place in evolutionary 
history. The two aspects have the potential to reveal the true diversity of 
microorganisms in selected habitats and have therefore been employed to good 
effect in microbial ecological studies to measure diversity (Ward et al. 1990, 
Akkermans et al. 1994, Rochelle et al. 1994, Wintzingerode etal. 1997, Pace 1997, 
Wilson et al. 1997, Amann & Ludwig 2000).
The problem of quantifying the biodiversity of a given habitat has been 
considered extensively (Hawksworth 1994). In global terms, a measure of the 
biodiversity of a site ought to say something about how different the inhabitants are 
from each other. Ecological diversity is considered a function of the number of 
different classes (richness) and the relative distribution of individual elements 
amongst these classes (evenness) (Nubel et al. 1999). Taxic, molecular and 
phylogenetic measures have all been considered, including the value of intra­
specific differences (Harper & Hawksworth 1994). Commonly the simplest measure 
used, has been the number of species (May 1994), and whilst this is relatively 
straightforward for the majority of higher organisms, it raises the already highlighted 
problem of definition of microbial species (May 1994, Embley et al. 1994). Instead of 
relying solely on species richness, some account must be taken of the extent to 
which the species differ taxonomically. This is known as “taxonomic diversity”. As an 
example, at higher levels of taxonomic rank, such as phyla, diversity in marine 
habitats is greater than that in terrestrial environments even though the number of 
species may be lower (Laserre 1992). Measurements of taxonomic diversity require 
that microorganisms can be reliably identified to higher levels of taxonomic hierarchy 
such as genus, family, order and phylum (O’Donnell etal. 1994).
The Shannon-Weaver index (Shannon & Weaver 1963) is the diversity index 
most commonly used by ecologists as it weights individual classes by their relative 
abundances. It is an estimator of the degree of uncertainty attached to the identity of 
any individual randomly selected from a community that increases with richness, as 
well as evenness. Caution must be exercised in interpreting this index because it is 
sensitive to sample size, especially small samples. Another approach is known as
39
Chapter 1 - Introduction
rarefaction and has been applied to microbial communities (Simberloff 1978, Mills & 
Wassel 1980). It compares the observed number of species with those predicted by 
a computer model. The determination of prokaryotic species richness and diversity 
is impractical because the current bacteriological species concept applies 
exclusively to organisms in pure culture. The value of the diversity index is therefore 
dependent upon the groups of bacteria studied and the taxonomic unit utilised 
(Nubel etal. 1999).
The potential for using phylogeny as a measure of diversity has been reviewed 
in detail by Faith (1994). The application of the approach for quantifying diversity 
and using weights to account for the importance of particular species in the context 
of conservation was pioneered by Vane-Wright et al. (1991). It has been suggested 
that phylogenetic diversity is the best candidate for quantifying diversity at the level 
of organisms, because it uses a simple model based on few assumptions (Faith
1994).
1.4.13 Culture bias and diversity
Historically, one of the most important problems has been that microorganisms had 
to be extracted from their environment and then studied microscopically or in 
culture. By necessity, sampling methods differ between organisms and between 
habitats and as such are known to underestimate both the number and variety of 
species (Brock 1987, Schlegel & Jannasch 1991). The view is echoed in different 
microbiological disciplines, such as those investigating marine environments 
(Rochelle etal. 1994), hot springs (Ward et al. 1990), soil (Stackebrandt etal. 1993, 
O’Donnell et al. 1994), oil fields (Voordouw et al. 1996) and oral samples (Conrads 
et al. 1997, Wilson et al. 1997). The sampling process and conditions of transport, 
storage and culture/subculture (including selective media and atmosphere), all may 
contribute to biases in the final number and types of species recovered (O’Donnell 
et al. 1994). The bias of culture-dependent methods can only be eliminated after the 
physiological niche has been perceived and duplicated experimentally (Ward et al. 
1990). The diversity of microbial communities is often a reflection of complex 
nutritional and other communicative interactions between them. Isolation procedures 
that do not replace these interactions may lead to the demise of such bacteria in the 
laboratory (Akkermans et al. 1994). The presence of bacteria in dormant or 
starvation stage must also be taken into account, because they may represent 
viable but unculturable types (Xu et al. 1982, Allen-Austin et al. 1984, Roszak et al. 
1984, Rollins & Colwell 1986, Hussong etal. 1987).
There is a dearth of suitable selective isolation procedures. The selectivity of 
isolation media is influenced by nutrient composition, pH, selective inhibitors,
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temperature and time of incubation. Numerous media formulations are 
recommended, but the ingredients have usually been chosen empirically and the 
rationale for selectivity is not clear (Williams et al. 1984). Numerical taxonomic 
databases, containing vast amounts of data on nutritional, physiological and 
antimicrobial sensitivity profiles of the constituent taxa may be ideal resources for 
formulating new selective media (Goodfellow & O’Donnell 1989).
Estimates of the proportion of microorganisms revealed by culture vary from eco­
system to ecosystem: 5% of the earth’s microorganisms (Hawksworth & Colwell
1992); a millionth of the earth’s prokaryote species (Wintzingerode etal. 1997); 20% 
of the soil microorganisms (Ward et al. 1985); less than 1% of the natural soil or 
water sample (Atlas 1995); 1% of the marine microorganisms (Ward et al. 1990); 
50% of the oral cavity flora (Socransky et al. 1963); and 75% of subgingival plaque 
(Wilson et al. 1997). There is clear evidence that not all organisms present in the 
root canals (revealed by direct smears) are subsequently cultivated (Miller 1894, 
Engstrom & Frostell 1961, Crawford & Shankle 1961, Sulitzeanu etal. 1964).
1.4.14 Detection of uncultivable bacteria
The advantage of molecular ecological approaches over conventional cultivation 
approaches have been universally eulogised and supposedly lie in their ability to 
detect culturable as well as uncultured and unculturable microorganisms in mixed 
samples (Pace 1997). Unfortunately, even these methods are not without problems 
and each has its strengths and weaknesses, which may bias sequence recovery 
(Akkermans etal. 1994, Embley & Stackebrandt 1994). Each physical, chemical and 
biological step involved in the molecular analysis of an environment is a source of 
bias that will lead to a distorted view of the “real world” (Wintzingerode et al. 1997). 
Whether the sample sequences are representative of those in the population 
depends largely on the process of sample collection, transport and the efficacy of 
the DNA extraction procedures. The latter are in turn dependent upon the prevailing 
physico-chemical environment at the time of sampling, biotic and abiotic factors and 
biological properties such as susceptibility to cell lysis (gram-positive versus gram- 
negative), which may change with growth phase. Therefore, DNA extraction 
procedures may be biased towards certain members of the population depending on 
the nature of the extraction protocol of which there are numerous variations (Embley 
& Stackebrandt 1994, Wintzingerode etal. 1997).
Numerous factors are known to bias the picture of the microbial flora revealed in 
mixed samples by molecular ecology. These include:
• the co-extraction of PCR inhibitors (humic acids, polysaccharides) with 
nucleic acids (Wintzingerode et al. 1997);
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• changes in the composition of 16S rDNA clone libraries caused by 
environmental DNA concentration (Chandler etal. 1997);
• the effect of G+C composition of 16S rRNA genes on differential 
amplification of mixed 16S rRNA gene templates (Reysenbach et al. 1992);
• the influence of genome size and copy number of rRNA genes (rrn) (Farrelly 
et al. 1995) as a result of the fact that slow-growing bacteria have fewer 
copies than rapidly growing bacteria (Krawiec & Riley 1990);
• the bias caused by choice of PCR primers and number of cycles of 
replication (Suzuki & Giovannoni 1996, Pratten etal. 2003);
• differential cloning efficiencies of PCR amplicons (Embley & Stackebrandt 
1994, Rainey et al. 1994);
• formation of mosaic sequences from separate genes (Borriello & Krauter 
1990);
• the limitations imposed on the identification of target sequence because of 
the quality and integrity of sequence databases (the sequences of all 
cultivable organisms are not yet available and database sequences may 
date from days of manual sequencing and consequently be of poor quality) 
(Liesack & Stackebrandt 1992, Stackebrandt et al. 1993, Ward-Rainey et al.
1995); and
• the method gives both live and dead bacteria although a distinction can be 
made by studying the expression of rRNA genes (Akkermans et al. 1994). 
Such differentiation is, however, prone to bias because metabolically active 
organisms have a larger number of ribosomes (Poulsen et al. 1993).
1.4.15 Conclusions about the use of 16S rRNA method 
Microbial diversity, and its quantification, may be interpreted in different ways 
depending on whether the perspective is ecological or taxonomic. Estimates of the 
microbial diversity in natural environments must take account of spatial and 
temporal variations. The measures should be based on stable, readily analysed 
properties of the microbial community. Estimates based on phenotypic and to a 
lesser extent on chemical techniques are likely to reflect the physico-chemical 
environment and as such may be influenced by community composition and function 
at a particular site. Analysis of microbial communities using 16S rRNA gene 
sequences is likely to be less sensitive to variability in the physico-chemical 
environment providing the bias in nucleic acid extraction and amplification 
procedures can be removed (Embley & Stackebrandt 1994, O’Donnell etal. 1994).
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One way of identifying and accounting for some of this bias would be to optimise 
conditions of 16S rRNA gene amplification on the cultivable members of the 
ecological niche before applying culture-independent (as well as culture-dependent) 
techniques to the entire sample.
1.5 Identification of bacteria by 16S rRNA gene amplification
The study and identification of microorganisms requires their detection by 
magnification or amplification. Traditionally, this has been achieved by microscopy 
or cultivation (Vaneechoutte & van Eldere 1997) but contemporary techniques 
achieve it by PCR amplification of the 16S rRNA gene (Mullis & Falloona 1987). 
Detection limits of the two approaches have been compared; semi-automated blood 
culture can detect one or a few organisms per 10 ml of blood, whereas 20 DNA 
target molecules (or organisms) per ml of sample is the detection limit when DNA 
extraction and amplification conditions are ideal (Vaneechoutte & van Eldere 1997). 
On the other hand, PCR is able to amplify uncultured and unculturable bacteria, 
which are missed by cultivation techniques.
The general conditions for PCR have been published but no single approach is 
universally effective and the reaction must be optimised for each situation. Factors 
to consider include: the DNA extraction protocols; the selection, composition and 
concentrations of primers (range 0.05-0.5 pm); deoxynucleotides (20-200 pM); 
reaction buffer (10-50 mM Tris-HCL); magnesium chloride; DNA polymerase (1-2.5 
units per 100 pi reaction); the inclusion of additives such as formamide, dimethyl 
sulphoxide, tetramethylammonium chloride, gelatine, bovine serum albumin (100 pg 
per ml) and non-ionic detergents such as Tween 20 or Laureth 12 (0.05-0.1%); and 
finally, the PCR cycling parameters and measures to avoid contamination. These 
factors have been discussed and reviewed in detail by many authorities and are not 
summarised further here (Innis & Gelfand 1990, Orrego 1990, Johnson 1991, Lane 
1991, Giovannoni 1991, Saiki 1992, Gerhardtetal. 1994, Kidd & Ruano 1995).
Samples containing mixed DNA template have to be singularised by molecular 
cloning, a process that is well established with many commercially available kits to 
facilitate the process (Sambrook et al. 1989, Scharf 1990, Bagdasarian & 
Bagdasarian 1994, Prescott et al. 1996, Perry & Staley 1997). The acquired 
nucleotide sequence is compared with known sequences in databases to establish 
its identity. Automated sequencing protocols (Rawlinson & Barrell 1997) are now 
ubiquitous and well established, replacing the manual sequencing protocols of 
Maxam & Gilbert (1973) and Sanger et al. (1977).
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1.6 Approaches used to detect and identify the microflora 
associated with periapical disease in previous studies
The microbiology of the root canal system associated with periapical disease has 
been reviewed by numerous authors (Naidorf 1972, Naidorf 1974, Morse 1981, 
Dahlen & Moller 1992, Seltzer & Farber 1994, Sundqvist 1994, Dahlen & Haapasalo 
2000). These give some insight into the changes in perspective over time about the 
diversity of recovered (anaerobic) bacteria. These valued reviews do not embrace or 
integrate all available studies, nor do they analyse them systematically by the 
factors perceived to influence the outcomes. They fall within the realms of 
authoritative narrative reviews. There was therefore the need for a systematic 
synthesis of existing information. Such an approach is regarded as a valuable 
scientific activity in the field of medicine, having the potential to contribute at least as 
much as primary research (Mulrow 1987). Such an analysis was performed after 
identifying 65 studies. Factors considered were: chronology of studies; clinical 
sample (type and size); sampling method (isolation, decontamination, tooth type and 
clinical condition, site of sample and approach); cultivation method (transport, initial 
broth media, solid media [selective and non-selective], atmosphere requirements, 
anaerobiosis); method of identification; focus of investigation; and finally, the 
bacterial distribution. For the sake of brevity, the full scope of the analysis is not 
presented here and only recent examples of studies have been quoted.
1.6.1 Specification of clinical sampie
The 65 studies were conducted on a diverse and sometimes undefined range of 
clinical samples. The samples consisted of a mixture of vital or non-vital teeth, with 
or without periapical disease. They consisted of: intact teeth (Wittgow & Sabiston 
1975, Sundqvist 1976, Wasfy et al. 1992, Le Goff et al. 1997, Baumgartner et al.
1999); teeth with intact pulp chambers (Kantz & Henry 1974, Bergenholtz 1974, 
Taklan 1974, Hoshino et al. 1992, Lana et al. 2001); teeth with open pulp chambers 
(Kessler 1972, Ando & Hoshino 1990, Hoshino et al. 1992, Lana et al. 2001); a mix 
of defined or undefined teeth (Keudell etal. 1976, Griffee etal. 1980, Pal etal. 1993, 
Assed et al. 1996, Gomes et al. 1996a, Siqueira et al. 2000 b); teeth with or without 
symptoms and sometimes sinus tracts (Sundqvist 1976, Griffee etal. 1980, Yoshida 
et al. 1987, Gohean et al. 1990, Hashioka et al. 1992, Wasfy et al. 1992, Gomes et 
al. 1994, Brauner& Conrads 1995, Weigeref al. 1995, Gomes etal. 1996a, Le Goff 
et al. 1997, Noda et al. 2000, Jung et al. 2000. Siqueira et al. 2002b); teeth with 
caries (Kessler 1972, Ando & Hoshino 1990, Hirai et al. 1991, Hahn et al. 1991, 
Hoshino et al. 1992, Hahn et al. 1993, Dougherty et al. 1998); teeth with periodontal
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disease (Kipioti et al. 1984, Kobayashi et al. 1990); teeth with necrotic pulps and 
absence of periapical disease (Hirai et al. 1991); and previously untreated and 
treated teeth that may be defined or undefined (Gomes et al. 1996a, b, Hashimura 
et al. 2001, Rolph et al. 2001, Egan et al. 2002).
The sample size ranged from 6 teeth (Kessler 1972, Sato et al. 1993) to 4186 
samples (Winkler & Van Amerongen 1959), indicating the variation in the degree of 
detail and stringency with which samples were analysed. The diversity of clinical 
samples makes it impossible to compare the studies directly. Fortunately, certain 
research groups (e.g. Sundqvist, Haapasalo) maintained uniform standards through 
their work, which form important threads of knowledge in the field.
1.6.2 Isolation of teeth and decontamination of the field before sampling 
Representative sampling of the root canal system requires isolation of the tooth from 
the rest of the oral environment and decontamination of the field. Early work on 
tooth and field decontamination was reported by Melville & Birch (1967) but the most 
widely accepted and adopted (Dahlen & Moller 1992, Dahlen & Haapasalo 2000) 
protocol for tooth isolation and decontamination was tested by Moller (1966). It 
consisted of cleaning the tooth with pumice, rubber dam isolation, scrubbing the 
surface of the field with 30% hydrogen peroxide until bubbling stopped, followed by 
scrubbing with 5% iodine tincture and neutralization with 5% sodium thiosulphate 
(Na2S20 3 ). Where DNA is the basis for bacterial detection, it is better to supplement 
the decontamination with 5% sodium hypochlorite, as iodine has no effect on naked 
DNA (Ng et al. 2003). Only two of the published molecular-based studies had 
adopted sodium hypochlorite for decontamination prior to 2001 (Conrads etal. 1997, 
Jung et al. 2000).
Rubber dam is used almost universally in studies on the root canal flora, 
however some studies make no mention of its use (Hirai et al. 1991, Sato et al. 
1998, Hashimura et al. 2001). The vast majority of studies follow Moller’s protocol 
but include a number of variations; iodine solutions of various concentrations without 
a hydrogen peroxide pre-scrub and sodium thiosulphate post-scrub (Wittgow & 
Sabiston 1975, Yoshida et al. 1987, Kobayashi et al. 1990, Ando & Hoshino 1990, 
Hashioka et al. 1992, Wasfy et al. 1992, Pal et al. 1993, Assed et al. 1996); sodium 
hypochlorite (Gohean et al. 1990, Conrads et al. 1997, Dougherty et al. 1998, Jung 
et al. 2000); chlorhexidine (Gomes et al. 1994, Brauner & Conrads 1995, Weiger et 
al. 1995, Gomes et al. 1996a); quaternary ammonium compounds (Kantz & Henry 
1974, Keudell et al. 1976) or make no mention of the agent used, if used at all, 
(Kipioti etal. 1984, Hahn et al. 1991,1993, Sato et al. 1993,1998, Noda etal. 2000, 
Hashimura et al. 2001, Molander et al. 2002).
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1.6.3 Method of sample retrieval
Determination of the diversity of the root canal flora is dependent upon obtaining a 
representative sample from the root canal system. This is achieved by soaking up 
pre-agitated sampling fluid from the root canal systems of teeth in vivo. Much of the 
research on variables influencing sampling was carried out by Moller (1966). A 
pumping motion with a file and maximum removal of fluid was found to be the best 
and is referred to as the “PMR method”. Other studies found that moistened paper 
points were more effective in retrieving bacteria (Marshall & Sovoie 1967) and that 
initial paper points carried the highest bacterial load (Engstrom 1966). The method 
is sensitive enough to retrieve even small numbers of bacteria from root canals 
(Palmer et al. 1976).
The majority of studies have used paper point sampling in vivo, though the exact 
protocol was variable. Some studies supplemented such sampling with dentine 
filings from the root canals (Yoshida et al. 1987, Kobayashi et al. 1990, Brauner & 
Conrads 1995, Conrads et al. 1997, Siqueira et al. 2000a, b, 2001a, b) and others 
used dentine filings exclusively (Gohean et al. 1990, Hashimura et al. 2001). 
Comparison of paper point and filing samples showed minimal differences in 
bacterial diversity (Hancock etal. 2001).
A number of Japanese studies harvested samples from extracted teeth split in a 
laboratory anaerobic chamber. Samples were obtained from the root canal walls by 
burs (Ando & Hoshino 1990, Hahn etal. 1993), excavators (Hahn et al. 1991) or by 
picking pulp tissue remnants from the canal wall (Hoshino et al. 1992, Sato et al.
1993). A recent study used an aspirate sample from the root canal involving little 
agitation of the canal contents (Munson et al. 2002).
A comparison of bacteria revealed by conventional paper samples with those 
from the remaining tooth have shown significant differences in the species richness 
of the flora (Akpata 1976, Kumar et al. 2002)
1.6.4 Transportation of the microbial sample and initial processing
Moller (1966) considered that sampling fluid, the first foreign material to come in 
contact with the bacteria as well as the transport medium into which the cells are 
placed for transit to the laboratory, should confer a preserving influence on the 
bacteria’s reproductive capacity. In addition, the storage medium should exert 
bacteriostatic influence to prevent the over-growth of non-fastidious microbes. The 
factors influencing the viability of bacterial cells has been studied by many 
investigators and reviewed by Moller (1966).
Special transport media were rarely used in the earlier endodontic studies, only 
Crawford & Shankle (1961) used a cysteine-containing solution. Moller (1966)
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investigated the influence of various factors on selected endodontic isolates 
extensively. A basic medium called VMG (Viability Medium Goteborg) was made on 
the basis of these experiments. Four different formulae were composed (VMG I—IV) 
of which VMG II and III gave the highest recovery. VMG II, intended for storage and 
transport, has a fluid character and is stored in an anaerobic milieu. VMG III may be 
used in a normal atmosphere for storage and transport, its agar content giving it a 
consistency suitable for transport by post.
Goodman (1977) considered the VPI standards of anaerobic bacterial recovery 
beyond the reach of most dental practices and tested a commercial transport 
medium (Stuart’s Transport Medium®, USA). He claimed the recovery of anaerobic 
bacteria to be equivalent to that of Wittgow & Sabiston (1975) and Keudell et al. 
(1976).
Carlsson & Sundqvist (1980) evaluated five different methods of transport and 
cultivation. They recovered bacteria from 29% of specimens when transported in 
VMG IV and subcultured in PRAS (prereduced, anaerobically sterilised) medium or 
on the surface of blood agar in an anaerobic box. In contrast, transport in PRAS- 
peptone-yeast extract broth and initial subculture in broth enabled bacteria to be 
recovered in 49% of the specimens. The use of thioglycollate medium and Clausen 
medium for transport and initial subculture, gave 58% and 47% recovery, 
respectively. The fluid thioglycollate medium was recommended for routine use in 
dental practice. However, initial culture in broth is considered to have the serious 
drawback of increasing the recovery of fast-growing bacteria as they would mask 
slow-growing bacteria (Sundqvist 1994). Dahlen et al. (1993) compared VMGA with 
Reduced Transport Fluid (RTF) (Syed & Loesche 1972) for transport and storage 
over more than 24 hours. They found that fastidious bacteria could be recovered 
sufficiently after 24 hours in both media. Over extended periods of up to 7 days, the 
recovery was better in VMGA. Where samples could be processed within 10 
minutes, transport and storage in Reduced Transport Fluid (RTF) was better than 
VMG III (Smallwood et al. 1998). The latter is a complex medium requiring 
considerable time and effort to prepare. The choice of transport medium may 
therefore be dictated by laboratory access in time and distance.
A variety of media were used for sample inoculation, transport and initial 
cultivation before 1984. Since then, the majority of studies have used RTF or 
thioglycollate broth for initial storage and cultivation. One group (Gomes et al. 1994, 
1996a) plated paper point samples directly onto the agar plates at chair-side. The 
transport time, an important variable for bacterial recovery, is rarely recorded in 
studies. Studies using molecular techniques for identification have adopted a variety
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of transport media: RTF (Baumgartner et al. 1999, Goncalves & Mouton 1999, Jung 
et al. 2000); DMSO in TS broth (Siqueira et al. 2000a, b, 2001a, b); wet or drv 
sample placed in PBS (Conrads et al. 1997, Hashimura et al. 2001); TE buffer 
(Molander et al. 2002); and Pureaene® Cell suspension solution (Rolph et al. 2001). 
These variations may influence the diversity of recovered isolates.
1.6.5 Cultivation media
A range of different solid and liquid media have been used to cultivate the samples. 
The problem is to duplicate the environmental conditions of the dying pulp, a feat it 
was observed that could not be achieved, so the cultivation of all organisms may not 
be possible (Brown & Rudolph 1957). Recent opinions about such potential are 
more optimistic (Goodfellow & O’Donnell 1989, Ward et al. 1990). Commonly, the 
sample is first grown in a liquid medium, and then cultivated on solid media to obtain 
pure isolates, though this is problematic (Sundqvist 1994). Occasionally, both liquid 
and solid media have been inoculated from the outset to capture as many species 
as possible. The most widely used medium is blood agar with between 5 and 10% 
blood (from horse or sheep), supplemented with haemin and menadione. Other 
media include: tomato; chocolate; nutrient; MacConkey; BHI; Schaedler; Brucella; 
TSA blood; Columbia; and Fastidious anaerobe agars. The trend has been toward 
more complex, nutrient-rich, undefined and supplemented media. Specific media 
have also been used for Bacteroides, Fusobacterium, Veillonella, Lactobacillus, 
Actinomyces, Staphylococcus and Streptococcus species.
Apart from providing the basic nutrients necessary for growth of individual 
species, note must be taken of toxic contaminants such as hydrogen peroxide and 
super-oxide radicals that form in most commercial broth media during autoclaving, 
which may kill many anaerobic bacteria (Carlsson et al. 1978).
1.6.6 Anaerobiosis and atmospheric conditions
Miller’s (1894) prediction that root canal bacteria would be difficult to cultivate has 
been confirmed by many investigators (Sulitzeanu etal. 1964). The greater diversity 
observed in recent studies has been attributed to cultivation media and anaerobic 
techniques (Sundqvist 1994). Anaerobic techniques have always been claimed to be 
used but the degree of anaerobiosis varies (Carlsson et al. 1977). A simple glove- 
box was designed to facilitate anaerobiosis by Aranki et al. (1969) and adopted by 
Sundqvist (1976) who had one custom-made (John Bass, Crawley, UK). The strict 
anaerobic procedures used by the Virginia Polytechnique Institute and State 
University (VPISU, later VPI) were introduced to endodontic microbiology by 
Fulghum et al. (1973). In the same year, Berg & Nord (1973) introduced the idea of 
streaming anaerobic gas over the tooth during the sampling procedure and
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demonstrated the potential to increase the number of anaerobic bacteria recovered. 
Improvements in anaerobic techniques can be traced through the review papers 
(Sulitzeanu et al. 1964, Naidorf 1972): the following proportions of anaerobic 
bacteria were quoted; Cran (1956) 18%, Brown & Rudolf (1957) 24%, MacDonald et 
al. (1957) 32% and Leavitt et al. (1958) 33%. A progressive rise was further reported 
by Morse (1981): Kantz & Henry (1974) 54%, Keudell et al. (1976) 64%, and 
Sundqvist (1976) 90%.
1.6.7 Method of identification
Conventional identification has been based on an array of biochemical tests but has 
numerous problems. Relatively minor differences in culture procedures can 
influence results and some characteristics may not be reproducible under conditions 
used in different laboratories. In addition, the biochemical tests are greatly 
influenced by the size and age of the inoculum and the degree of anaerobiosis used 
(Sundqvist 1994). Isolates were identified only to genus level before 1974, when 
Kantz & Henry performed the most thorough analysis of the anaerobic species using 
a comprehensive battery of tests. Subsequently, others (Wittgow & Sabiston 1975, 
Keudell et al. 1976, Sundqvist 1976) adopted more comprehensive procedures for 
identification.
The standard for identification was mainly Bergey’s Manual of Systematic 
Bacteriology (Brown & Rudolf 1957, Smith et al. 1958, Engstrom & Frostell 1961, 
Crawford & Shankle 1961, Moller 1966). Later others (Wittgow & Sabiston 1975, 
Keudell et al. 1976, Sundqvist 1976) adopted the VPI manual for anaerobic bacteria. 
The introduction of biochemical test kits simplified laboratory procedures (Goodman 
1977) and from the 1980s the API kits became popular (Kipioti et al. 1984). These 
offered a degree of standardization across laboratories (Gomes et al. 1994) and 
were often supplemented with other tests (Bergey’s and VPI Manuals) as their 
databases were unable to identify all endodontic isolates (Hahn et al. 1991, Wasfy 
et al. 1992, Hoshino et al. 1992, Gomes et al. 1994, Weiger et al. 1995). More 
recently the kits have been used exclusively with the identification based entirely on 
the kit database (Hirai etal. 1991, Hashioka etal. 1992, Hahn etal. 1993, Brauner & 
Conrads 1995, Le Goff etal. 1997, Lana etal. 2001).
The use of molecular techniques for identification of bacteria in endodontics is 
relatively recent (Conrads et al. 1997). A number of studies have used the 16S 
rRNA gene to identify bacteria in root canal samples. The majority have so far 
focused on PCR amplification of variable species-specific 16S rRNA gene regions. 
Target species have included: Actinomycetales (Conrads et al. 1997); 
Fusobacterium (Conrads et al. 1997, Jung et al. 2000, Siqueira et al. 2002b, Fouad
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et al. 2002); Bacteroides forsythus (Conrads et al. 1997, Goncalves & Mouton 1999, 
Jung et al. 2000, Rogas et al. 2001, Siqueira et al. 2000b, 2002b, Fouad et al.
2002); Streptococcus species (Conrads et al. 1997, Siqueira et al. 2000b, 2002b); 
Prevotella intermedia and P. nigrescens and black-pigmented species (Baumgartner 
et al. 1999, Siqueira et al. 2001c); Treponema (Jung et al. 2001, Siqueira et al. 
2000b, 2001a, Rogas et al. 2001, Fouad et al. 2002); Slackia exigua (Hashimura et 
al. 2001); Mogibacterium timidum (Hashimura et al. 2001); Eubacterium saphenum 
(Hashimura et al. 2001); Prevotella spp. (Fouad et al. 2002); Porphyromonas spp. 
(Jung et al. 2001, Rogas et al. 2001, Fouad et al. 2002); Peptostreptococcus spp. 
(Fouad et al. 2002); and Enterococcus faecalis (Siqueira et al. 2000a, Molander et 
al. 2002, Fouad et al. 2002).
Sato et al. (1998) reported the use of RFLP patterns to distinguish Eubacterium 
species and others have used DNA hybridization probes to detect specific bacteria 
in samples (Goncalves & Mouton 1999, Jung et al. 2000, Siqueira et al. 2000b, 
2002b, Hashimura et al. 2001). Few of these studies have conducted 
sensitivity/specificity checks on their DNA probes (Hashimura et al. 2001) and few 
have sequenced amplicons to confirm identity (Conrads et al. 1997, Hashimura et 
al. 2001, Rolph et al. 2001, Molander et al. 2002, Munson et al. 2002). Where 
sequencing methods have been used, the threshold for acceptance of species 
identity is rarely provided. Only two of these studies (Rolph et al. 2001, Munson et 
al. 2002) have so far attempted to carry out a microbial community analysis using 
both cultivation and molecular cloning approaches. The outcome of the former study 
was limited only by the selection of a single set of universal primers (27F/1492R).
1.6.8 Focus of investigation
The profile of bacterial isolates recovered is clearly governed by the studies’ aim(s) 
and therefore the target clinical sample, which varies considerably across studies. 
The majority have sought to investigate associations between microflora and the 
clinical presentation. The studies have focused on: pre-operative condition of the 
pulp or periapical tissues (Kantz & Henry 1974, Wittgow & Sabiston 1975, Keudell et 
al. 1976, Sundqvist 1976, Hirai et al. 1991, Sato et al. 1993, Le Goff et al. 1997, 
Lana et al. 2001); effect of caries (Ando & Hoshino 1990, Hirai et al. 1991, Hahn et 
al. 1991, Hoshino et al. 1992, Hahn et al. 1993, Dougherty et al. 1998); effect of 
trauma (Bergenholtz 1974, Taklan 1974); effect of restorations (Egan et al. 2002); 
effect of periodontal disease (Kipioti et al. 1984, Kobayashi et al. 1990); and 
presence of signs and symptoms (Sundqvist 1976, Griffee et al. 1980, Yoshida et al. 
1987, Gohean et al. 1990, Hashioka et al. 1992, Wasfy et al. 1992, Hahn et al. 
1993, Gomes et al. 1994, Brauner & Conrads 1995, Weiger et al. 1995,
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Baumgartner et al. 1999, Noda et al. 2000, Jung et al. 2000, Siqueira et al. 2002b, 
de Paz Villanueva 2002).
A growing list of species has been implicated as causes of signs and symptoms 
but others have found no significant associations (Baumgartner et al. 1999, Jung et 
al. 2000, Siqueira et al. 2001c, 2002b). It is difficult to rationalise this confusing 
overview into a coherent picture other than to conclude that certain species are 
associated with symptoms but that their numbers, strain variants and other microbial 
and host factors may play an important but yet undeciphered part in the process.
In conclusion, molecular approaches have so far been used largely to detect 
specific, usually fastidious and difficult-to-culture bacteria in root canal samples, with 
the exception of two studies (Rolph et al. 2001, Munson et al. 2002).
1.7 Conclusions of literature review
The overall importance of effective delivery of endodontic service was considered. 
The discipline has been dominated by biomechanical approaches to treatment. 
Whilst these have improved efficiency, the efficacy of service delivery has not 
improved. The Endodontic discipline may benefit from the adoption of more 
biological approaches to treatment that take account of the underlying microbial 
processes driving pulpal and periapical diseases. The association between the host 
response and microbial infection is well established but the role of specific bacteria 
in progress of disease, acute exacerbation, treatment resistance and failure has yet 
to be deciphered. The polymicrobial infection of the root canal system is sustained 
by complex ecological inter-relationships. The most comprehensive dissection of the 
community structure of the intra-radicular flora requires adoption of contemporary 
molecular techniques. The potential benefits and problems posed by this approach 
were explored in the broad literature, so as to inform the design of this study. The 
diversity/species richness of the flora in untreated (Chapter 3) and root-treated 
(Chapter 4) teeth are explored later.
Whilst gram-negative bacteria appear to contribute significantly to periapical 
lesion development, gram-positive bacteria may be key facilitators of infection 
establishment and sustenance. It is therefore possible that they may participate in 
treatment resistance and failure. A more thorough determination of the species 
richness of gram-positive coccoid bacteria in root canal infections would be 
beneficial. The general aim of this study was to explore the problems inherent in 
determining the species richness of cultivable gram-positive coccoid morphotypes 
from untreated and root-treated teeth associated with periapical disease.
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Chapter 2 
Materials and methods
This study was divided into several discrete components; the specific aims of which 
are defined at the beginning of each chapter. The aim of this chapter is to lay the 
foundation for the general methods and materials used in the molecular 
investigation of the bacterial strains from untreated and treated root canals of teeth 
associated with periapical disease. Additional methodological details specific to 
individual studies are provided within each chapter.
2.1 Collection of bacterial isolates
A total of 20 root canal samples were obtained from 6 root-treated and 14 untreated 
(absence of root canal treatment) teeth associated with periapical disease in 19 
patients.
2.1.1 Clinical and radiographic data
All patients (19) were examined prior to sample acquisition to confirm root canal 
treatment failure (for treated teeth) and gather relevant clinical and radiographic 
data. The data was entered on a proforma and included the patient’s age, gender, 
medical history, tooth type, approximate duration since completion of root canal 
treatment (treated teeth), history of antibiotic treatment, presence of symptoms and 
details of clinical and radiographic examination findings of the oral cavity.
2.1.2 Acquisition of samples from untreated teeth
Fourteen of these samples were from untreated teeth in 13 patients. Thirteen were 
obtained from teeth scheduled to undergo routine root canal treatment for 
management of periapical disease. The teeth were isolated with rubber dam after 
they had been thoroughly scaled of any calculus and polished using pumice 
(Skillbond, High Wycombe, UK) with a prophylaxis cup (Wright Cottrell, London, 
UK). Where individual teeth were isolated, the margin of the dam was sealed with a 
proprietary gasket (Oraseal™, Ultradent Products Inc., South Jordon, USA), if saliva 
was observed to leak past it. The tooth and rubber dam were decontaminated by 
protocols refined in our laboratory (Ng et al. 2003) and commenced with scrubbing 
of the surfaces with 30% hydrogen peroxide (Sigma-Aldrich Company, Poole, UK) 
until effervescence ceased. This was followed by swabbing with 10% povidone- 
iodine (Betadine®, Seton Healthcare Group pic, Oldham, UK) for one minute and 
then 5% sodium hypochlorite (Teepol, BDH Laboratory supplies, Poole, UK) for 30 
seconds and then deactivation with 5% sodium thiosulphate (Sigma-Aldrich). The 
teeth were accessed with sterile diamond grit burs in an air rotor hand-piece (W&H,
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Topair 195 RM®, Dentalwerk, Burmoos, Austria). Where possible the last remaining 
layer of dentine coronal to the pulp chamber was removed with stainless steel burs 
in a slow speed hand-piece to gain initial entry to the pulp chamber, which was then 
de-roofed completely. Prior to gaining final entry to the pulp chamber, the tooth, 
rubber dam and gasket were decontaminated again using the same protocol. Upon 
breaching the pulp chamber, a gentle flow of anaerobic gas (80% nitrogen [N2], 10% 
carbon dioxide [C02], 10% hydrogen [H2], BOC Gases, Guildford, UK) was passed 
over the opened tooth to maintain an anaerobic environment in its immediate vicinity 
(Berg & Nord 1973). Where the canals were dry, prereduced phosphate buffered 
saline (PBS) was introduced into them to facilitate superficial canal instrumentation 
to their estimated full length with file Nos 06, 08 or 10 (Kerr UK Ltd, Sybron, 
Peterborough, UK). Wet canals were filed to release dentine and superficially 
adherent bacteria into fluid suspension without the pre-introduction of PBS. The 
canal fluid was then soaked up with three sterile paper points (white in colour) 
(Roeko, Langanau, Germany), each one remaining in the canal for at least 30 
seconds. The wet portions of the three points were cut off and pooled in a sterile 
screw-cap 2 ml vial (Eppendorf-Nethelen, Hinz GmbH, Hamburg, Germany) 
containing 100 pi Reduced Transport Fluid (RTF -  Appendix 10.1) (Syed & Loesche 
1972, Smallwood et al. 1998). The samples were transported to the laboratory 
within 10 minutes where they were vortexed (Chiltern Scientific Enterprises Ltd. 
Leighton Buzzard, UK) and aliquots of 10 pi were pipetted into 90 pi of RTF in 1.5 
ml microfuge tubes (Eppendorf) and vortexed again. The procedure was repeated in 
this manner to obtain 10°, 10"1, 10-2, and 10'3, serial dilutions.
One of the untreated tooth samples was obtained from an extracted tooth from 
one patient presenting with periapical disease (but for whom extraction was deemed 
the best treatment plan) in a manner described for the treated teeth below.
2.1.3 Acquisition ofsampies from treated teeth
Six samples were obtained from 6 extracted, root-treated teeth with persistent 
periapical disease from 6 patients who attended the Oral Surgery Clinic in the Victor 
Goldman unit (Eastman Dental Hospital). The selection criteria were: (i) root canal 
treatment completed more than four years previously with presence of signs and 
symptoms of persistent periapical disease; (ii) radiographic evidence of persistent 
periapical radiolucency (the radiolucency was either larger or the same size as in 
the pre-operative view); (iii) absence of periodontal involvement and (iv) permanent 
coronal restoration present with only subtle evidence (marginal discolouration) of 
marginal leakage. Presence of coronal leakage was assessed on the basis of
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examination under magnification (* 4.5, DP Medical Systems Ltd, Chessington, UK) 
with a probe to detect marginal deficiencies.
The teeth were extracted as atraumatically as possible and care was taken not 
to use a pumping action (Kapalas et al. 2001, 2002) during the procedure. The 
extracted teeth were wrapped in sterile gauze, placed in individual sterile universal 
tubes (Bibby Sterilin Ltd, Stone, UK) and transferred to the laboratory within ten 
minutes.
Laboratory processing of the samples was carried out in an isolated chamber 
under strict anaerobic conditions (80% N2, 10% C02, 10% H2, BOC) at 37°C and 
100% relative humidity (MACS-MG-1000 Anaerobic Workstation, Don Whitley 
Scientific, Skipton, UK).
Any attached soft tissue on the surface of the tooth was removed with sterile 
scalpels and curettes. The tooth was held over a sterile petri dish (Bibby Sterilin Ltd, 
UK) and the outer surface of the tooth was decontaminated following the protocol 
described for untreated teeth (Section 2.1.2). Penetration of the chemicals into the 
apical foramina was avoided by care in the vicinity of the apex and holding the tooth 
upside-down.
The tooth was sectioned with a thin sterile diamond disc (Super-Diaflex discs, 
Claudius Ash, Potters Bar, UK) mounted on a mandrel in a straight hand-piece 
driven by an electric motor running at 10,000 rpm (Schick SM78, Georg Schick 
GmbH, Schmmerhofen, Germany). The tooth was sectioned transversely at the 
crown/root level and split longitudinally along the root by pre-grooving with the 
diamond disc to a depth of about 1 mm without penetrating the canal. The root was 
split by rotating a sterile plastic instrument inserted in the groove. The gutta-percha 
(GP) was generally found to adhere to one half of the root canal. Samples were 
taken with RTF-soaked paper points from various sites at different levels of the 
tooth. Dentine samples were obtained by shaving the dentine from the relevant sites 
using a size 11 surgical blade (Swann-Morton, Swann-Morton Ltd, Sheffield, UK). 
GP was sampled by cutting it from the relevant section with a surgical blade. A fresh 
sterile blade was used each time. Neither chemicals nor heat were used to remove 
the GP, which upon removal was crushed with sterile hand (amalgam) pluggers, in 
a sterile petri-dish. All samples from a single tooth were pooled into 100 pi of RTF in 
a 1.5 ml microfuge tube. The vial was vortexed for 20 seconds to help release 
bacteria into suspension. Aliquots of 10 pi were pipetted into 90 pi of RTF and 
vortexed again. The procedure was repeated in this manner to obtain 10°, 10"1, 
10'2, and 10“3, serial dilutions.
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2.1.4 Sample cultivation
The root canal sample dilutions were plated out onto Fastidious Anaerobe Agar 
(FAA) (Lab M, Bury, UK & Bioconnections, Leeds, UK) with 5% v/v defibrinated 
horse blood (E & O Laboratories, Bonnybridge, Scotland) and Blood Agar (BA) (Lab 
M, Bury, UK & Bioconnections). The FAA plates were incubated anaerobically (80% 
N2, 10% C02, 10% H2, BOC) and the BA plates aerobically, at 37°C for 7 and 3 
days, respectively. In the majority of samples, growth was sparse and aN the 
recovered primary isolates were subcultured, until pure strains were obtained. 
Where growth was heavy, all representative colony morphotypes were selected 
from all plates. They were subsequently regrown under the same conditions as well 
as in 5% carbon dioxide and in air, and the presence or absence of growth noted. 
During subculturing, the plates were stored in adjacent anaerobic jars (pre-cleaned 
and decontaminated) containing activated gas generating packs (AnaeroGe/?™, 
Oxoid, Basingstoke, UK), to minimize exposure to the ambient atmosphere. The 
plates were incubated either in the anaerobic gas jars or in the anaerobic cabinet 
(Don Whitley), depending on availability. Gloves were worn for all handling of 
isolates.
The isolates were Gram-stained and viewed under *1000 magnification (* 100 
with oil-immersion and *10 eyepiece) (Zeiss, Oberkochen, Germany) to determine 
Gram stain and cell morphotype. The purified isolates were subsequently stored by 
freezing in Brain Heart Infusion broth (BHI, Bioconnections) with 10% glycerol (BDH 
Laboratory Supplies, Poole, UK -  Appendix 10.2) at -70°C. All gram-positive 
coccoid morphotypes present were selected from most of the samples, and in a 
small number they were randomly selected from those present.
2.2 Bacterial DNA extraction
The frozen isolates were thawed and 200 pi were dispersed onto Blood Agar plates 
and incubated under C02or anaerobic conditions depending on favoured conditions 
of growth. The growth was monitored over the next 48 hours. The isolates were 
subcultured at least twice prior to the experimental work. A % plate lawn of growth 
was sought (the rest was streaked to test purity), harvested with a sterile swab and 
re-frozen in BHI/10% glycerol. Where the growth was scanty, multiple plates were 
used to increase cell yield to a level approximately equivalent to the other isolates, 
for freezing. In pilot studies, a comparison was made between “boil preparation” of 
DNA and genomic DNA extraction using a commercial kit (Gentra systems, 
Puregene®, Minneapolis, USA). In the final study, although for a limited number of
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isolates, the DNA was extracted by the boiling method, for the majority, the DNA 
was extracted directly from frozen stocks. After rapid thawing at 37°C, the DNA 
extraction protocol outlined for gram-positive bacteria (Puregene®) was applied. 
Pilot study comparison with freshly harvested bacterial cells showed the DNA yield 
to be better from frozen stocks. The Puregene® protocol was applied as described 
by the manufacturer and is given in Appendix 10.3.
The “Boiled preparation” protocol was as follows;
1. A colony or portion of it (depending on size) was taken from the agar plate 
after growth over 12-24 hours at 37°C under the atmospheric conditions 
conferring best growth and dispersed in 200 pi of sterile distilled water in a
1.5 ml microfuge tube.
2. The tube was floated, % immersed using a polystyrene float in a beaker 
containing pre-boiled water. The beaker was replaced in the microwave 
oven (Hinari, MX 120BTC, Barking, UK) and the water brought to boil for 1 
minute.
3. Upon removal, the tube was immediately placed on ice. The sample was 
serially diluted to 10“1, 10-2 and 10“3, stored on ice and used as templates 
soon after.
2.3 Amplification of the 16S rRNA gene -  PCR protocol
The 16S rRNA gene was amplified by Polymerase Chain Reaction (PCR) (Saiki 
1992) using the 27f and 1492r primers (sequences below). Where this was 
unsuccessful, the PCR reaction was repeated, if necessary with a modified PCR 
protocol. Where even this failed, the 357f or 1392r primers were used in various 
combinations with the other two primers.
The primers were based on the sequences from Lane (1991) and 
manufactured by GenoSYS (Biotechnologies Ltd, Pampisford, UK; Pharmacia 
Biotech, Cambridge, UK);
27f 5' -  AGAGTTTGATCMTGGCTC- 3'
357f 5' -  CTCCTACGGGAGGCAGCAG -  3'
1392r 5' -  ACGGGCGGTGTGTRC -  3'
1492r 5' -  TACGGYTACCTTGTTACGACTT -  3',
In those rare instances where a PCR product could not be obtained, a proprietary 
product “Q” solution (QIAgen Ltd, Crawley, UK) was used to obtain a reaction 
product. Where it was not possible to obtain “pure” isolates by conventional 
subculture and Gram stain or a homogenous PCR product could not be obtained,
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the amplicons were cloned and representative clones selected for identification, 
after grouping them by Restriction Fragment Length Polymorphism (RFLP) analysis. 
As a matter of strategy, all PCR work was undertaken in a clean environment 
segregated from other microbiological work, including the handling of amplified 
products. Although a separate room or facility was not available, the work was 
temporally and spatially partitioned. A separate set of pipettes (Gilson, Villiers le 
Bel, France) were dedicated for PCR work. Sterile pipette tips were always used 
and for the pre-amplification stages, only presterilised, filter pipette tips were used 
(ART self-sealing barrier tips, Molecular BioProducts, San Diego, USA). The PCR 
reagents were aliquoted by the author and were not accessed by other parties. 
Gloves were worn for all PCR work and were replaced if the procedures were 
interrupted. Upon any evidence of contamination, the previously used stock was 
discarded and new stocks employed. All PCR work was controlled by: (a) negative 
control(s) consisting of sterile distilled water (Resistivity @ 25°C: 18.2 MQ; TOC 
level: 5-10 ppb; Particles [0.22 pm]: < 1 ml-1; Microorganisms [cfu ml"1]: < 1 ml"1, 
Millipore RIOs, Watford, UK) as template; and (b) positive controls consisting of “boil 
preparation” of Escherichia coli cells. Sterile distilled water was stored in 1.5 ml 
microfuge tubes (sterilised in special holders to prevent caps from opening -  
Anachem, Luton, UK) and partially used containers were discarded. All PCR 
reactions were conducted in 0.2 ml thin-walled PCR tubes (Molecular BioProducts, 
San Diego, USA) and thermocycled in one of two dedicated PCR thermocyclers 
(UNO II, Biometra, Maidstone, UK; Primus MWG -  Biotec, Ebersberg, Germany).
A master mix was made for a large number of reactions, adding the Taq 
polymerase last; the master mix was aliquoted into each reaction tube containing 
the DNA template. The master mix was always stored on ice and each reaction mix 
was prepared and stored on a pre-frozen (-20°C) cold metal block (Sorenson™, 
BioScience Inc, Anachem Scotlab, Luton, UK).
The PCR protocol was optimised in the early part of the study and 
concentrations of the reagents were standardised. The reagents and their 
concentrations in the majority of the PCR reactions were as follows:
The prepared stock concentration of the primers was 10 pM in the majority of the 
study and 25 pM in the early part of the study. The concentration of the prepared 
stock solutions of each of the deoxynucleotides (Promega, Southampton, UK) was 2 
mM. The 10* NH4 Reaction buffer (Bioline, London, UK) contained KCL (500 mM), 
100 mM Tris-HCL, pH 8.4. The MgCb solution (Bioline) was added separately and 
had a concentration of 50 mM. The Taq DNA Polymerase (Bioline) was at a 
concentration of 5 units per pi.
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The concentration of the DNA template was not determined, instead, three 
concentrations of the template were used in three separate PCR reactions for each 
bacterial species, at neat (10°), 10~1, 10"2, and sometimes at 10-3, diluted in sterile 
distilled water.
A 25 pi reaction volume was used in the early part of the study but did not 
consistently yield sufficient quantity of DNA for sequencing, so for the majority of 
PCR reactions, the total reaction volume was 100 pi.
The following quantities of reagents were used for each PCR reaction:
Reaction agent Cone" Volume Quantity
Primer 1 (10 pM) 4.0 pi (40 pmol)
Primer 2 (10 pM) 4.0 pi (40 pmol)
dNTPs (2 mM) 4.0 pi (80 pM)
Buffer (x10) 10.0 pi (x1)
MgCI2 (50 mM) 5.0 pi (2.5 mM)
Taq polymerase (5 U pi’ 1) 0.3 pi (1.5 units)
DNA template 4.0 pi
h2o 68.7 pi
The protocol for PCR using the “Q” solution (QIAgen Ltd) was as follows:
Reaction agent Cone" Volume Quantity
Primer 357f (10 pM) 4.0 pi (40 pmol)
Primer 1392r (10 pM) 4.0 pi (40 pmol)
Buffer (x10) 10.0 pi (x1)
Q solution 20.0 pi
dNTPs (2 mM) 10.0 pi (200 pM)
Taq polymerase (5 U pi'1) 0.8 pi (6.25 U)
H20 49.2 pi
DNA template 2.0 pi
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The PCR thermo-cycling parameters consisted of:
Step 1 -  initial step 
Followed by 30 cycles of 
Step 2 -  denaturation 94°C for 1 min 
54°C for 1 min 
72°C for 2.5 min 
72°C for 5 min
94°C for 5 min
Step 3 -  annealing 
Step 4 -  extension
Step 5 -  penultimate step 
Step 6 -  final of step 4°C until the cycler was manually
turned off.
The PCR reaction products were stored at 4°C or -20°C or electrophoresed on an 
agarose gel.
2.4 Agarose gel electrophoresis
The presence, quality and quantity of PCR products were assessed by running a 
known fraction of the products (together with loading buffer -  20% glycerol, 0.1 M 
EDTA, 0.25% w/v bromophenol blue, 0.25% w/v xylene cyanol, pH 8.0, Ameresco, 
Ohio, USA) on an agarose gel. The gel was usually prepared fresh to a 
concentration of 1% w/v agarose (Ameresco) by melting in 1* solution of TAE buffer 
(Appendix 10.4). Ethidium bromide (0.5 pg ml"1) (Gibco BRL, Life Technologies, 
Gaithersberg, USA) was incorporated into the molten agarose prior to pouring in a 
custom gel tray (Anachem Scotlab, Luton, UK). Upon setting, the gel was 
transferred to a gel electrophoresis unit (Anachem) containing 1x TAE buffer with 
the same concentration of ethidium bromide. An electrical control unit (Mighty 
Slim™, SX 250 Power supply, Hoefer Scientific instruments, San Francisco, USA) 
was used to set the potential difference of 70 V across the gel. A DNA standard 
(either 1 kb DNA ladder -  1 pg pl_1 [GIBCOBRL, Life technologies, Paisley, UK] or 
PCR ladder -  1 pg p f1 [Ameresco]) was used along each side of the gel to enable 
estimation of the amplicon size. The gel was visualised under UV light (Model 
T2201, Sigma) and an analogue (UVP Imagestore 5000, Ultra-violet products Ltd, 
Cambridge, UK) or digital image (Alpha Imager/Multimage Light Cabinet, Alpha 
Innotech Corporation, San Leandro, USA) was captured as a permanent record.
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2.5 Molecular cloning of PCR products
For a small number of isolates, it was not possible to obtain a useable PCR product 
for identification, despite all measures. In this case, the weak product (defined as a 
faint band on agarose gel) obtained was used as a template for nested PCR in an 
attempt to amplify a subcomponent of it. Since the PCR products visualised as 
weak bands were obtained using primer pairs 27f/1392r or 357f/1392r, they were 
amplified with nested primer pairs 357f/1392r and 926f/1392r, respectively. Once 
again the “Q” solution protocol (as described above) was employed to maximise the 
chances of obtaining a PCR product.
2.5.1 Isolation of selected band for cloning
To separate the multiple bands and isolate a relevant fragment for identification, the 
remaining volume of PCR product was run on a 0.7% agarose gel containing 
ethidium bromide (0.5 pg ml-1). The gel was run at 50 V for 2-3 hours and viewed 
under long-wave UV light (Model UVGL -  58, Genetic Research Instruments Ltd, 
Dunnow, UK). The band of appropriate fragment size was cut out using a sterile 
scalpel blade from each lane and transferred to pre-weighed sterile 1.5 ml 
microfuge tubes. Re-weighing (Sartorius, Gottingen, Germany) allowed the weight 
of the gel slices to be determined. The QIAgen gel extraction kit (QIAgen Ltd, 
Crawley, UK) was used to extract the DNA from the gel slices, using the 
manufacturer’s instructions (Appendix 10.5).
The DNA was then quantified using the spectrophotometer (Ultraspec 2000, 
Pharmacia Biotech, Cambridge, UK) at 260 nm.
2.5.2 Ligation of PCR product into vector
The pGEM® -  T Easy Vector System (Promega Corporation, Madison, USA) was 
used to ligate and clone the PCR products.
The vectorinsert molar ratios were calculated using the following equation: 
nq of vector x kb size of insert * insert:vector molar ratio = ng of insert 
kb size of vector 
The optimal vectorinsert ratio was found to be 5:1.
The ligation reaction (total volume 30 pi) consisted of the following reaction mixture:
Reaction agent Cone" Volume Quantity
Buffer Ligase DNA T4 *10 3 pi x1
pGEM T Easy vector 5 ng pi-1 1 pi 5 ng
Insert DNA 100 ng pi-1 1 pi 100ng
T4 DNA ligase 3 weiss units pi"1 1 pi 3 w units
h2o 24 pi
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The mixture was incubated overnight at 15°C (Primus thermocycler).
The Epicurian coli® Supercompetent cells (Stratagene, La Jolla, USA) were 
used to clone the ligated vector.
2.5.3 Transformation of competent cells 
The cells were transformed as follows:
1. The cells were thawed on ice using intermittent gentle mixing by hand.
2. 100 pi of the cells were aliquoted into two prechilled 15 ml Falcon 
polypropylene tubes (Sarstedt, Numbrecht, Germany).
3. 1.7 pi of p-mercaptoethanol was added to each aliquot giving a final 
concentration of 25 mM in each tube.
4. The contents of the tubes were gently swirled on ice and maintained on ice 
for 10 minutes, accompanied by gentle swirling every 2 minutes.
5. The ligated vector (10 pi) was added to the solution and gently swirled.
6. The mixture was incubated on ice for 30 minutes.
7. The tubes were heat-pulsed in a water bath at 42°C for precisely 45 
seconds.
8. The mixture was then incubated on ice for 2 minutes.
9. 0.9 ml of preheated (42°C) SOC medium (Appendix 10.6) was added and 
the tubes incubated at 37°C for 1 hour with shaking (Orbital Shaker S150, 
Stuart Scientific, UK) at 225-250 rpm.
10. The solution was then spread onto pre-prepared LB plates containing 
ampicillin (100 pg ml"1 -  Appendix 10.7) covered with 2% (w/v) X-gal (5 
bromo-4-chloro-3-indolyl p-D-galactopyranoside, Sigma -  Appendix 10.8) 
and 10 mM of isopropyl-beta-D-thiogalactopyranoside (IPTG, Sigma -  
Appendix 10.9), 30 minutes prior to inoculation. One plate was inoculated 
with 100 pi and the other with 900 pi and the suspension evenly distributed 
with a sterile glass rod.
11. The plates were incubated at 37°C overnight and then for two hours at 4°C 
after initial viewing, to enhance the blue colouration for screening of 
recombinant plasmids.
2.5.4 Isolation of plasmids
The protocol was based on Sambrook et al. (1989):
1. Six white colonies were picked for each sample and inoculated into 5 ml of 
LB medium with ampicillin (100 pg ml-1) in Falcon tubes and were also 
inoculated onto a grid on LB plates for storage.
2. The media were incubated aerobically overnight at 37°C.
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3. The cells were centrifuged (20,800 ref, 40 seconds, room temperature) in a 
micro-centrifuge (Jouan, Saint-Herblain, France) and the supernatant 
discarded.
4. The cells were then resuspended in 100 pi of Solution I (Appendix 10.10) 
and the solution vortexed.
5. 200 pi of Solution II (Appendix 10.11) were added and mixed by inversion.
6. 150 pi of Solution III (Appendix 10.12) were added and mixed by gentle 
shaking.
7. 200 pi of phenol/chloroform (equal amounts of each) were added and mixed 
by gentle shaking.
8. The top aqueous layer was gently pipetted out and transferred to clean, 
sterile Eppendorf.
9. 100 pi of 96% (v/v) ethanol was added and gently mixed and the solution 
centrifuged (20,800 ref, 2 minutes, room temperature).
10. The supernatant was discarded and the DNA air-dried.
11. The DNA was suspended in 50 pi TE Buffer (Appendix 10.13).
12. A small fraction of the extracted plasmids was electrophoresed on 1% 
agarose gel and their presence and purity confirmed.
2.5.5 Confirmation of insert presence
The presence of inserts was confirmed by digestion using EcoR I (Promega), using 
the following protocol:
Reaction agent Cone" Volume Quantity
DNA 20 U 5 pi Unquantified
Buffer 10* 1 pi x1
EcoR I 12 U Ml-1 0.5 pi 6 U
H20 3.5 pi
The mixture was incubated at 37°C for at least 2 hours and the products 
electrophoresed on 1% agarose gel. Having confirmed the presence of the insert, 
the stored, transformed colonies were used to re-extract pure plasmid for 
sequencing. The QIAgen plasmid mini protocol (QIAgen Ltd) was followed 
(Appendix 10.14).
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2.6 Preparation of DNA sequence for identification
2.6.1 Purification of PCR products
The QIAquick PCR purification kit (QIAgen Ltd) was used to purify the PCR 
products in readiness for the sequencing reactions. The manufacturer’s protocol 
was followed (Appendix 10.15).
The DNA was then quantified using a spectrophotometer (Ultraspec 2000) at 
260 nm, using H20  as the reference.
2.6.2 Sequencing reactions
The purpose was to prepare single strand fragments of DNA terminated by 
fluorescent dye labelled di-deoxyNTPs for analysis in an automated genetic 
sequencer (ABI PRISM 310 Genetic Analyser, Perkin Elmer Corporation, USA).
A proprietary Ready Reaction Mix (RRM) (ABI PRISM™ BigDye™, Perkin Elmer 
Applied BioSystems, Foster City, USA) containing dNTPs, Fluorescent dye-labelled 
ddNTPs, MgCI2, Tris-HCI buffer and AmpliTaq® DNA polymerase was used. For all 
PCR product and plasmid sequencing, the mix was diluted in a ratio of 1:4 with *5 
sequencing buffer (400 mM Tris HCI, 10 mM MgCI2, pH 9.0) to suit a dedicated 
cycle sequencing program.
The protocol was: 
Reaction agent
Primer
1:4 ABI stock RRM
DNA
H20
Cone"
5 pmol pi"1
Volume
1 pi
2 pi 
1 pi
3 pi
Total volume 7 pi 
The primer was mainly 27f, otherwise, 357f or 1392r.
Quantity
5 pmol
30-90 ng
The sequencing reactions were performed on the UNO II Biometra Thermocycler 
(Biometra, Maidstone, UK).
The 99 cycle program was as follows:
Rapid thermal ramp to 95°C for 10 seconds 
Rapid thermal ramp to 50°C for 5 seconds 
Rapid thermal ramp to 60°C for 4 minutes 
The cycle was completed with a rapid thermal ramp to 4°C, which was maintained 
until the products were stored or prepared for capillary electrophoresis.
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2.6.3 Purification of the sequencing reaction products and preparation 
for sequencing
The sequencing reaction products were purified as follows:
1. The 7 pi reaction volume was made up to 20 pi by adding sterile distilled 
water.
2. The entire volume was transferred to 1.5 ml microfuge tubes containing 
chilled (at 4°C for at least 15 minutes) 3 M sodium acetate (2 pi) and 96% 
ethanol (50 pi).
3. The solution was mixed and held on ice for 10 minutes and then centrifuged 
(20,800 ref, 20 minutes, 4°C) (Centrifuge 5402, Eppendorf, Hamburg, 
Germany).
4. The liquid was removed by pipetting and the pellet washed with 250 pi of 
70% ethanol.
5. This was centrifuged at (20,800 ref, 15 minutes, 4°C) and all the ethanol 
removed by pipetting.
6. The sample was dried for 10-15 seconds at 94°C on a heat block.
7. The DNA was suspended in 20 pi of Template Suppression Buffer (ABI 
PRISM™), vortexed and pulse centrifuged.
8. The mixture was heated at 95°C for 3 minutes, vortexed and chilled on ice 
and then pulse centrifuged. The contents were transferred to sequencing 
tubes and stored on ice until loaded onto the sequencer.
2.6.4 Sequence determination
The prepared single stranded DNA was loaded onto the Genetic Sequence 
Analyser (ABI PRISM 310 Genetic Analyser, PE Applied Biosystems, Perkin Elmer 
Corporation, Foster City, USA) and the products electrophoresed through a 
conventional capillary (47 cm * 75 pm) containing the sequencing polymer 
(Performance optimised polymer -  Pop 6, ABI PRISM, Perkin Elmer). Sequence 
analysis software (ABI PRISM 310, Perkin Elmer) was used to produce 
electropherograms which were down-loaded and further analysed using the 
Chromas software (Technelysium Pty Ltd, Helensvale, Australia). The sequence 
was checked and manually edited for corrections where necessary. The final 
sequence was saved to Notepad (Word for Windows, Microsoft) and from there 
submitted to sequence databases through two search strategies for identification.
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2.7 Identification of the 16S ribosomal gene sequence
The saved sequences were converted to FASTA format in Notepad and submitted 
to the Ribosomal Database Project II (RDP II) services at Michigan State University 
(http://www.cme.msu.edu/RDP/index.htm) (Maidak et al. 2001) first. The on-line 
analyses facility was used to obtain sequence match with the small ribosomal 
subunit. The same sequences were then submitted to the National Center for 
Biotechnology Information (NCBI). The nucleotide-nucleotide BLAST (Basic 
Alignment Search Tool) search facility was used to obtain closest matches 
(http://www.ncbi.nlm.nih.aov) (Altschul et al. 1990). The closest sequence match (as 
well as its strain code and accession number) indicating actual or closest 
identification, similarity index and % sequence match were recorded. All sequences 
were submitted during January to July 2000.
2.8 Full sequencing of the 16S ribosomal gene
2.8.1 Sequencing reactions
The identifications for a number of isolates did not achieve a high similarity ranking 
(S_ab = 0.7) because of poor quality sequence and sometimes despite good quality 
sequence. In these instances the full 16S ribosomal gene was sequenced (/? = 10). 
This involved carrying out sequencing reactions on the purified PCR or plasmid 
products using all of the following primers to obtain overlapping sequences; 27f, 
357f, 926f, 1114f, 342r, 519r, 685r, 907r, 1110r, 1392r, 1492r (GeneSYS) (Lane 
1991). The protocols were as previously described for both the sequencing 
reactions and sequence acquisition.
2.8.2 Muitipie sequence alignment and consensus sequence
The multiple sequences were aligned and consensus sequence obtained by 
inputting the sequences into one of two computer software programs (DNAsis, 
Molecular Biology Insights, Inc. West Cascade, USA. DNAman Lynon corporation, 
Quebec, Canada), where they were manually edited if there was disagreement. The 
consensus sequence was submitted for identification as described previously.
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2.9 Data Analysis
The data were grouped, tabulated, and summarised. No formal statistical 
comparisons were possible between the “untreated” and “treated” groups because 
of the differences in method of sample acquisition.
Any differences between isolates were explored using a number of software 
programmes designed to analyse relatedness of selected characters.
2.9.1 Sequence data analysis
The DNA sequences were initially screened and edited where necessary using the 
Chromas software (Technelysium Pty Ltd, Helensvale, Australia). Closely related 
sequences were selected using the classification given by Garrity et al. (2001) and 
were aligned together with closest matching full sequences (obtained from BLAST) 
using CLUSTAL W (Thompson et al. 1994). The beginning and ends of the aligned 
sequences were edited to ensure that equivalent data was analysed for all 
sequences; gaps were not, however, deleted. The PAUP software program 
(Swofford DL 1998, PAUP. Phylogenetic Analysis Using Parsimony [and other 
methods] [Beta-] Version 4.0 Sinauer Associates, Sunderland, USA) was used to 
generate a similarity matrix for each multiple alignment. Phylogenetic trees were 
found by the neighbour-joining method (Saitou & Nei 1987). The trees were rooted 
using the sequence from a near relative of the group as an outgroup. Reliability of 
the data was assessed by bootstrap analysis; 1000 replicates were performed and a 
consensus tree generated using the CONSENSE program in the PHYLIP suite of 
programs (Felsenstein 1993). The trees were viewed using TREEVIEW (Page 
1996).
2.9.2 Biochemical data analysis
Non-sequence data such as the biochemical profiles (Chapter 5) were explored by 
converting the test results into binary format (0, 1). Data matrices were created for 
each set of related organisms (as the relevant tests were dependent upon the 
strains). These were analysed using PAUP; the data matrix was used as input for 
generation of a similarity matrix. Using the distance measure set to “mean character 
difference”, dendrograms were created to visualise (TREEVIEW) the relatedness of 
the strains based on the test results.
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Chapter 3
Identification of isolates from untreated teeth with 
periapical disease by 16S ribosomal gene sequence
3.1 Introduction
3.1.1 Diversity of the bacterial flora associated with periapical disease
To determine the importance of a bacterial species in the root canal system it is 
necessary to establish its identity, its abundance relative to others in individual root 
canals, its frequency in a large sample of such teeth and its pathogenic potential. 
There is a lack of transparency about these aspects in published reviews on the 
subject, which list species and sometimes give an order of importance. The basis for 
any order, though, is not based on the above criteria (Naidorf 1972, Dahlen & Moller 
1992, Sundqvist 1994, Dahlen & Haapasalo 2000). The literature on endodontic 
microbiology was therefore systematically reviewed and analysed with these 
questions in mind. Tables 3.1 (obligate anaerobes) and 3.2 (facultative anaerobes 
and aerobes) give the respective gram-positive genera identified in different studies 
together with the number of species per genus. Some genera appear in both tables 
(.Actinomyces, Lactobacillus, Propionibacterium, Streptococcus) because previous 
studies sometimes designate them facultative and sometimes strictly anaerobic. 
They also indicate the frequency of occurrence of each genus in different root 
canals (grey shading) and the relative dominance of genera within root canals 
(colour shading), where the information was available.
3.1.2 Qualitative evaluation
Taking the findings of the studies summarised in Tables 3.1 and 3.2 collectively, it is 
probably safe to conclude that the factors discussed in Section 1.6 (Introduction) 
serve to bias the isolates recovered and identified. Comparing the findings from the 
culture-dependent and culture-independent studies it is further possible to 
hypothesise that a true representation of the root canal system or intra-radicular 
flora has yet to be revealed. Chronological viewing of the data suggests that the 
bacterial floras in the earlier studies were dominated by facultative organisms but as 
more stringent anaerobic techniques were adopted in later studies, more and more 
strict anaerobes were isolated. Landmark studies in this respect were: Slack (1953); 
Leavitt et al. (1958); Moller (1966); Kantz & Henry (1974); Sundqvist (1976); 
Yoshida et al. (1987); Ando & Hoshino (1990); Hirai et al. (1991); Hashioka et al. 
(1992); and Weiger et al. (1995). Each of these has been instrumental in broadening 
the picture of species richness of the root canal flora. (Cont’d on pg 72)
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Key to Tables 3.1 & 3.2:
1 Indicates this genus was most frequently recovered from different canals in this study.
| Indicates this genus was 2nd most frequently recovered from different canals in this study.
Indicates this genus was 3rd most frequently recovered from different canals in this study.
1 Indicates this genus dominated the canals (rank order). Number in the box indicates no. of species.
2 Indicates this genus was the 2nd most dominant (rank order). Number highlighted in bold indicates it was first identified here.1 Indicates this genus was the 3rd most dominant (rank order).
? “?” indicates this genus appears in both obligate and facultative tables, as reported in original studies.
Authors highlighted in bold = Molecular studies
Only studies with positive findings in respective categories are reported
Table 3.1 Summary of gram-positive obligate anaerobes found in various studies on untreated teeth with periapical disease
STUDY YEAR Gram-positive rods Gram-positive cocci
Actinomyces Bifidobacterium Clostridium Eubacterium Lactobacillus Propionibacterium Streptococcus Peptostreptococcus
IPeptococcus
Slack 1953 1 - 1 - 1 - 1? m
Leavitt et al. 1958 1 - - - 1 - 1 .
Shovelton & Sidaway 1960 1 - - - - - .
Engstrom & Frostell 1961 - - - - - - 1 .
Crawford & Shankle 1961 1 - - - - - 1 .
Moller 1966 1 - - 1 1 - 1 1
Kessler 1972 ? - 1 - ? - .
Kantz & Henry 1974 2 - - 1 - 1 0/1
Bergenholtz 1974 - - - - 1 - 1/0
Wittgow & Sabiston 1975 - - - 1 1 1 3/0
Keudell et al. 1976 1 3 - 1 - 3 3/0
Sundqvist 1976 - - - 4 3 - 1 2/1
Goodman 1977 1 1 - 2 1 1 1/2
Griffee et al. 1980 - - - - - - -
Kipioti et al. 1984 1 - - 1 1 - 2
Yoshida et al. 1987 3 - - 6 - 2 6
Gohean et al. 1990 1 - - - - -
Kobayashi et al. 1990 - - - 6 - 2 4 4/0
Ando & Hoshino 1990 2 - 1 3 8 6 3 3/1
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Table 3.1 Summary of gram-positive obligate anaerobes found in various studies on untreated teeth with periapical disease
STUDY YEAR Gram-positive rods Gram-positive cocci
Actinomyces Bifidobacterium Clostridium Eubacterium Lactobacillus Propionibacterium Streptococcus Peptostreptococcus
IPeptococcus
Hirai et al. 1991 1 - - - 1 3 2 1/0
Hahn et al. 1991 1 1 - ? 4 1 1 1/0
Hashioka et al. 1992 2? 2 - 10 7? 7? - 4/3
Wasfy et al. 1992 4? - - 2 - 2?
Hoshino et al. 1992 1 - - , .....1 " 1 1 1 1/0
Hahn et al. 1993 1? - - 1? - 4? 1/1
Sato et al. 1993 1 2 - 7 1 1 - 3/0
Pal et al. 1993 - - - - - 1 - 1/1
Gomes et al. 1994 5? 2 2 3 5? 2? 12? 5/0
Brauner & Conrads 1995 2? 1 - 1 - 1?
. . .  ^  . . . .
1/0
Weiger et al. 1995 3? - - 2 8? 1? 5? 5
Assed et al. 1996 1 - - - - - -
Gomes et al. 1996a 5? 2 2 2 6? 1? 8? 3
Le Goff et al. 1997 1? 1 - 2 - h -  3- 2? 1/0
Lana et al. 2001 2? 2 5 1 | 1? 6? 4/0
Egan et al. 2002 - - - - - - - -
Conrads et al. 1997 2? - - - - - 1 -
Sato et al. 1998 - - - 2 - - - -
Jung et al. 2000 - - - - - - - 1/0
Siqueira et al. 2000b - - - 1 - - 2 1/0
Hashimura et al. 2001 - - - 1 - - - -
Rolph et al. 2001 3? - - 3 4? 2? 7? 2/0
Siqueira et al. 2002b 1? - - - - - 1? -
Fouad et al. 2002 - - - - - - 1 1
Munson et al. 2002 - - 1 7 2 1 4 3/1
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Only studies with positive findings in respective categories are reported below.
Table 3.2 Summary of gram-positive facultative anaerobes and aerobes found in various studies on untreated teeth with periapical disease
Study Year Gram-positive rods Gram-positive cocci
Actinomyces Bacillus Corynebacteria Lactobacillus Propionibacterium Enterococcus Gemellal
Rothia
Micrococcus Staphylococcus Streptococcus
Slack 1953 1 2 - 1 - - - - 3 3
Brown & Rudolph 1957 - - 1 - - - - 1 - 2
Leavitt et al. 1958 1 1 1 1 1 - - 1 2 4
Smith et al. 1958 - 1 1 1 - - - 1 - 1
Hobson 1959 - - 1 - - - - 2 3
Shovelton & Sidaway 1960 1 - 1 1 - - - 1 1 3
Engstrom & Frostell 1961 - - - 1 - - - - - 4
Crawford & Shankle 1961 1 - - 1 - - - - 1 2
Sulitzeanu et al. 1964 1 - - 1 - - - - 3 4
Moller 1966 1? 1 1 : 1 - 1 - 1 2 3
Melville & Birch 1967 - - - 1 - - - - 1 2
Kessler 1972 1 1 - 1 - - - - 1 1
Kantz & Henry 1974 - - - - - . - _ - _
Bergenholtz 1974 - - 1 - - 1 - - - 2
Wittgow & Sabiston 1975 1 - - 1 1 1 - - 1 1
Keudell et al. 1976 1 - - - - - - - 2 2
Sundqvist 1976 2 - - - 2 - - - . _
Kipioti et al. 1984 - - - - - 1 - 1 1 1
Yoshida et al. 1987 - - - - - 1 - - . 4
Gohean et al. 1990 1 - - - - - - - - -
Kobayashi et al. 1990 2 - - 1 - - - - _ 1
Ando & Hoshino 1990 3 - 1 3 - 1 0/1 - . 2
Hirai et al. 1991 1 - - - - - - - - 1
Hahn et al. 1991 1 - - 1 1 - - - _ 3
Hashioka et al. 1992 2? - - 7? 7? - - - - -
Wasfy et al. 1992 4? - - - 2? - - _ 1 5?
Hoshino et al. 1992 1 - - 1 - - - - - 1
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Table 3.2 Summary of gram-positive facultative anaerobes and aerobes found in various studies on untreated teeth with periapical disease
Study Year Gram-positive rods Gram-positive cocci
Actinomyces Bacillus Corynebacteria Lactobacillus Propionibacterium Enterococcus Gemellal
Rothia
Micrococcus Staphylococcus Streptococcus
Hahn et al. 1993 1? - - 1? - - - - - 4?
Sato et al. 1993 - - - 1 - 1 - - - -
Pal et al. 1993 - 1 - - - 1 - 1 2 1
Gomes et al. 1994 5? - - 5? 2? 2 - - 1 12?
Brauner & Conrads 1995 2? - - - 1? - - - 1 5?
Weiger et al. 1995 3? - 2 8? 1? 1 1/1 - 1 5?
Assed et al. 1996 1 - - - - - - - - -
Gomes et al. 1996a 5? - - 6? 1? 1 - - 1 8?
Le Goff et al. 1997 1? - 1 - 3? - 1 - 1 2?
Lana et al. 2001 2? - - 4? 1? 1 1/0 - 1 6?
Conrads et al. 1997 2? - - - - - - - - 1?
Siqueira et al. 2000b - - ~ T - - 1 1/0 - - 2
Rolph et al. 2001 3? - 1 4? 2? 1 1 1 1 7?
Fouad et al. 2002 - - - - - 1 - - - -
Molander et al. 2002 - - - - - 2 - - - -
Siqueira eta l. 2002b 1? - - - - - - - - 1?
Munson et al. 2002 - - - - 1 - - - 1 -
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In studies up to 1976, the root canal flora appeared to be dominated in frequency 
and abundance by Streptococcus species. Whilst in subsequent studies this species 
remains amongst the most numerous, other species have also been included as 
dominant occupiers of the root canal system. An increasing number of species have 
been identified in later studies. It is pertinent to note that the majority of studies do 
not report unidentified strains, yet those exhibiting better standards in their 
methodology have reported numerous unidentified strains (Kantz & Henry 1974, 
Bergenholtz 1974, Wittgow & Sabiston 1975, Sundqvist 1976, Kobayashi et al. 
1990, Ando & Hoshino 1990, Hirai et al. 1991). This is consistent with the view 
presented by Sundqvist (1994), who suggested that improved cultivation, 
characterisation and identification methods would lead to the identification of as yet 
unnamed or uncultivated species. The application of culture-independent techniques 
is changing the overall picture of the microbial flora (Rolph et al. 2001, Munson et al. 
2002), consistent with the findings in other spheres of microbiology.
The characteristics of the polymicrobial flora vary considerably from one study to 
another. Whilst it is attractive to attribute the findings to specific differences in 
design, and indeed it may be reasonable to do so in some cases, on the whole 
definite associations between clinical condition and microflora cannot be drawn. The 
improvements in anaerobic techniques led to the discovery of higher proportions of 
gram-negative anaerobic bacteria in studies between 1974 and 1976. Beyond that 
time, particularly with the studies emerging from Japan (1980s), the picture of the 
flora was one dominated by gram-positive anaerobic bacteria. In fact, Ando & 
Hoshino (1990) and Hoshino et al. (1992) found no gram-negative rods, despite 
using stringent anaerobic techniques, and recovered up to 80% strict anaerobes. A 
further study from the same laboratories revealed 91 % anaerobic bacteria but few 
gram-negative species (Sato et al. 1993). Although it is tempting to do so, this 
cannot easily be attributed to differences in the sampling technique. The clinical 
condition of the tooth may be a determining factor, for example, carious teeth may 
be dominated by gram-positive bacteria found in caries (Ando & Hoshino 1990, Hirai 
et al. 1991, Hahn et al. 1991), whereas gram-negative bacteria may be more 
commonly found in traumatised, intact teeth (Bergenholtz 1974, Wittgow & Sabiston 
1975, Sundqvist 1976) and those associated with periodontal disease (Kipioti et al. 
1984, Kobayashi et al. 1990). Unfortunately, this theory does not stand up to close 
scrutiny based on current knowledge, and it may be that the procedures (including 
cultivation media) used in individual laboratories are important biasing factors 
(Section 1.6).
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3.1.3 Quantitative evaluation
Only one study (Zavistocki et al. 1980) has specifically evaluated the root canal flora 
quantitatively. They correctly identified the problem of determining the relative 
quantities of different species in the root canals given their predilection for 
differential growth in certain media. Using intact teeth and established protocols for 
sample acquisition, they weighed the samples and resuspended them in 1 ml of pre­
reduced dilution salts; upon cultivation they found that the mean total number of 
bacteria was 108 CFU ml"1. They found a mean number of 6 species per 
specimen.The mean number of bacterial species exceeding concentrations of 105 
CFU ml-1 was 4.8. Anaerobic bacteria accounted for 64% of the species in 
concentrations exceeding 105 CFU ml'1. According to quantitative analysis, the total 
concentration of aerobes and anaerobes was nearly equal. The relative quantities of 
individual species were: Corynebacterium species (2.5 * 103 CFU ml"1); 
Bifidobacterium dentium (2.5 ^ 103 CFU ml"1); Veillonella species (2.5 * 103 CFU 
ml-1); other Corynebacterium species (3.2 * 108 CFU ml"1); Clostridium 
clostridiforme (1 x 109 CFU ml'1); Bacteroides species (1.6 * 109 CFU ml"1); 
Lactobacillus species (1.6 x 109 CFU ml"1); Peptostreptococcus anaerobius (1.6 * 
109 CFU ml'1); Enterococcus species (2 x 109 CFU ml"1); and Streptococcus 
species (1.6 * 101° CFU ml"1). In general, the number of bacteria found in infected 
sites is usually of the order of 105 bacteria per millilitre of exudate or gram of tissue.
Table 3.3 Summary of studies that have quantified the number of bacterial 
genera, species or cells per sample (Brackets show mean values per tooth)
Study Year Genera/
tooth
Species/
tooth
Quantity of bacteria 
CFU ml"1 or mg"1 or sample"1
Kantz & Henry 1974 - - 1.5 x 107 CFU ml"1
Bergenholtz 1974 - 4.3 Semi-quantitative
Wittgow & Sabiston 1975 | - 0-6 (2.1) -
Sundqvist 1976 - 0-12(2.8) -
Akpata 1976 - - 10b CFU tooth"1
Zavistocki et al. 1980 - 5.0 107 7 CFU g_i
Kipioti et al. 1984 - - 6.3 x 105 CFU m l'1
Bystrom & Sundqvist 1985 - 1-11 10" CFU sample'1
Bystrom et al. 1985 - - 10^-10' CFU sample'1
Ando & Hoshino 1990 - 8.0 1.2-4.1 x 107CFU m g'1
Sjogren et al. 1991 - - 10^-10tt CFU sample'1
Wasfy et al. 1992 - 3.1 % total CFU only
Hoshino et al. 1992 - - I .S x IO '-M O 4 CFU sample"1
Sato et al. 1993 3-10(6.0) - 4 x 10-3 .7  x I0 b CFU sample'1
Brauner & Conrads 1995 - 4-8 (5.7) 10b CFU sample"1
Weiger et al. 1995 1-16(9.2) - -
Gomes et al. 1996a - 1-9 (4.3) -
Nod a et al. 2000 1-4 - -
Lana et al. 2001 - 1-11 (5.0) -
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Table 3.3 above shows the results of other studies that have evaluated the 
number of bacteria recovered from root canal samples, expressed in CFU per unit of 
sample (ml, mg or g). The total range was 101—10s CFUs per sample and taken 
collectively the value in Zavistocki’s (1980) study appears to be a representative 
mean value for untreated root canals. It was noted that when staphylococci were 
present, they occurred at very high counts (Wasfy et al. 1992).
The number of genera per tooth ranged from 1-16 with mean range between 6 
and 9.2 (Table 3.3). Neither of the studies providing these mean values offered the 
frequency of species, however, the range of number of species per tooth was 1-12. 
The mean ranged from 2.1-5.7 species per tooth. There is a general trend towards 
later studies showing higher numbers of species per tooth but this is not universally 
true. The numbers may be a reflection of better cultivation and identification 
techniques.
3.1.4 Gram-positive coccoid morphotypes
The majority of studies rely heavily on the initial colony morphology, Gram stain and 
cellular micro-morphology for presumptive identification or identification to genus. 
These may be supplemented with some biochemical tests and sometimes gas 
chromatography. In the past, the identification was often not progressed beyond the 
genus and, in other cases, selection of further tests was informed by the preliminary 
identification (Griffee et al. 1980, Yoshida et al. 1987, Kobayashi et al. 1990, Hahn 
et al. 1991, 1993, Hashioka et al. 1992, Brauner & Conrads 1995, Molander et al. 
1998, Baumgartner et al. 1999, Noda et al. 2000, Peciuliene et al. 2000, 2001, 
Hancock et al. 2001). These preliminary tests are crucial in initial sorting of bacteria 
for identification and require care; though their lack of reliability must caution 
confidence in selection of further tests. Gram variability is well known (Bergey’s 
Manual of Determinative Bacteriology 1994); Sundqvist (1976) reported the 
presence of both gram-negative and gram-positive cells in a culture of Peptococcus 
species, with the gram-negative cells dominant. Furthermore, the shape of small 
cells viewed at light microscopic level cannot easily be distinguished into coccal and 
bacillary forms, indeed the term cocco-bacillary is extended to account for those that 
do not neatly fit either category. Cell shape and size are dictated by growth 
conditions but some species exhibit pleomorphism (Bergey’s Manual). This difficulty 
was emphasised by Sundqvist (1976); many species conventionally regarded as 
exhibiting cuboidal or filamentous cellular shapes, presented as what may be 
termed coccoid forms, including Fusobacterium, Bacteroides, Eubacterium, 
Propionibacterium and Lactobacillus species, most of which were only tentatively 
identified. Indeed this group recently reported a new species of Actinomyces
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(radicidentis), which unusually has a coccoid form (Kalfas et al. 2001). Conversely, 
they also found Peptostreptococcus and Peptococcus species that appeared 
elongated rather than spherical. Other conventionally coccal species are known to 
present as ovoid morphotypes (Murray 1990).
The approach taken by Sundqvist (1976) to resolve the issue of so many 
unidentified strains was to use a dendrogram to depict their phenetic resemblance to 
reference strains. The conclusion is that initial investigations of cell staining and 
shape characteristics should be performed with care and the findings viewed with 
caution. Gram-positive coccoid morphotypes are ubiquitously present in root canal 
systems and they dominate in frequency as well as in individual canals. It is 
reasonable to postulate a central role for them in sustaining the polymicrobial 
infection (Wu etal. 1989).
3.1.5 Distribution of intra-radicular bacteria
In comparison with the cultivation and molecular studies aimed at revealing the 
species richness in root canals, the number of morphological or culture studies 
seeking to define the distribution of bacteria are sparse. The information is based on 
microscopy (light, dark-field, SEM, TEM) and cultivation studies.
Microscopic surveys (light, dark-field, TEM and SEM) of teeth have given some 
insight into the pattern of bacterial invasion and associated pulp necrosis (Shovelton 
1964, Andreasen & Rud 1972, Nair 1987, Molven et al. 1991, Sen et al. 1995, 
Lomgali et al. 1996, Siqueira & Lopes 2001). Bacteria appear to be concentrated in 
the coronal part of root canals and appear in smaller numbers as the apical foramen 
is reached, particularly in teeth with closed pulp chambers and residual vital pulp 
tissue apically (Shovelton 1964). In contrast, cariously exposed canals are evenly 
coated with a bacterial plaque (Sen et al. 1995). There may be a difference in the 
proportions of morphotypes present in coronal and apical parts of root canals (Thilo 
et al. 1986) but this has yet to be confirmed by cultural and molecular studies 
(Baumgartner & Falker 1991, Dougherty etal. 1998).
TEM observation of carious teeth suggests that most of the flora in the apical 5 
mm of the root canal is suspended in an apparently moist canal lumen (Nair 1987). 
Less frequently, dense aggregates of morphologically uniform bacterial cells 
embedded in extra-cellular matrix are observed sticking to the dentinal wall. 
Sometimes there are clusters of multi-layered bacterial condensations containing 
various morphotypes. The filamentous forms were often adherent perpendicular to 
the canal wall with coccoid forms either arranged in strings in the same direction or 
adherent to the filaments giving a corn-cob appearance (Nair 1987, Sen etal. 1995).
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Bacterial penetration into dentine was only evident in the presence of pulp 
necrosis. The predentine was easily and commonly infected but the calcified dentine 
less so (Shovelton 1964, Nair 1987). Bacterial penetration into dentine around the 
root canal was confined to the close proximity of the root canal (A to Vi the depth of 
the dentine), where the tubules ended in a vital periodontal ligament (Andreasen & 
Rud 1972, Oguntebi 1994, Peters et al. 1995, Love & Jenkinson 2002). Bacteria 
were observed along the entire length of the dentinal tubules only when the tubules 
ended in necrotic periodontal tissue (Andreasen & Rud 1972). Bacteria penetrating 
dentine appear to be dominated by gram-positive rods (68%) and cocci (27%). The 
predominant types are Lactobacillus (30%), Streptococcus (13%) and 
Propionibacterium (9%) species (Ando & Hoshino 1990, Love & Jenkinson 2002).
The presence of gram-negative bacteria in root canal dentine has been indirectly 
confirmed by the detection of high concentrations of lipopolysaccharide in the inner 
layers, up to 300 pm in depth (Horiba etal. 1990).
The overall picture, therefore, is one of a variable distribution of bacteria within 
the root canal system and dentine. The state at any given time may represent a 
“stage” of a changing microflora with bacteria extending up to and sometimes 
beyond the apical foramina. The depth of penetration into dentine is variable but 
generally appears to be confined within the area close to the root canal and is 
probably dominated by gram-positive bacteria. The distribution of morphotypes also 
appears to be variable.
3.1.6 Aims
The aims of this Chapter were to:
• collect representative gram-positive coccoid morphotypes from untreated 
teeth with periapical disease;
• identify the isolates by partially sequencing the 16S rRNA gene, where 
necessary complemented by cloning of the PCR amplicons and full gene 
sequencing;
• gain insights into the problems of using this approach to identification by 
analysis of the subsidiary stages of the protocols (DNA yield, DNA dilution, 
PCR primers, PCR yield, choice of sequencing primers, database search 
method used for identification); and
• evaluate the degree of similarity between isolates using phylogenetic tree 
reconstruction to compare partial sequences and further to compare them 
with aligned sequences from full 16S rRNA gene sequences of closest 
matching species (obtained from published databases).
76
Chapter 3 -  16S ID of untreated isolates
3.2 Materials and methods
A total of 117 isolates (gram-positive coccoid morphotypes) were collected from 
untreated teeth meeting selection criteria and identified by partial sequencing of the 
16S ribosomal gene (usually the first -500 bp). The details of the materials, 
protocols and methods are given in Chapter 2.
Data pertaining to the various stages of the procedures were recorded. These 
included details on aspects of DNA extraction, success or failure of PCR, primers 
used for PCR, the number of PCR reactions required to obtain a useful product for 
sequencing reaction, the primers used and problems encountered during 
sequencing reactions, the “quality” of final submitted sequence, the identity of each 
sequence according to two search programmes (Basic Local Alignment Search Tool 
[BLAST] and Ribosomal Database Project II [RDP II]), and the strains that were 
difficult to identify. The data were tabulated and descriptive statistics used to 
analyse the possible impact of factors on identification by 16S rRNA gene 
sequence.
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3.3 Results
The raw data on the procedural aspects of the identification process, including DNA 
extraction, PCR, sequencing reactions, the quality of final sequence, the proximity of 
sequences to those of known bacteria based on RDP and BLAST searches and final 
selected identities are summarised below.
3.3.1 Clinical and radiographic data
The clinical and radiographic data on the teeth and patients from whom samples 
were obtained are given in Table 3.4. The bacterial samples were harvested from a 
diverse range of clinical conditions to satisfy the first aim. The sample teeth 
consisted of anteriors (4), premolars (6) and molars (4) fulfilling the selection criteria 
given in Chapter 2. All patients were in good general health, though 3 out of 14 had 
experienced pain from these teeth. The teeth exhibited various degrees of coronal 
integrity and leakage of restorations. None of the teeth had been on open drainage 
but sinus tracts were associated with some. Most of the teeth were periodontally 
healthy, although one had probing depths greater than 4 mm. All except one tooth 
had periapical disease, with lesions ranging in size from 4-10 mm. The one tooth 
without obvious periapical disease had incipient pulp necrosis and an open pulp 
chamber.
3.3.2 Identities of isolates and their relative occurrence
The final selected identity of the 117 strains is given in Table 3.5. Fifteen of these 
strains were lost during initial stages of the study but conventional identifications had 
previously been obtained (except for P17, P32, P33) and are shown (highlighted in 
bold and italics). The rest of the identities (n = 102) were derived from one or more 
partial nucleotide sequences of the 16S rRNA gene. These were generated from 
PCR products resulting from the first attempt at PCR amplification of the 16S rRNA 
gene or several subsequent attempts if there was initial failure. Once a satisfactory 
PCR product (judged by electrophoretic gel appearance and quantification) was 
obtained, a single-stranded nucleotide sequence was generated using one of 
several sequencing primers until a sequence giving a similarity match of at least 0.7 
S_ab value was obtained. Where such a match was not obtained after amplification 
with several primers, the 16S rRNA gene was fully sequenced by obtaining multiple 
overlapping sequences using 11 primers: two required full sequencing (P43, P58).
Most of the strains belonged to the phyla Firmicutes and Actinobacteria with one 
each representing Bacteroidetes and Proteobacteria.
Continued on page 85.
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Table 3.4 Clinical and radiographic data on teeth and patients from whom samples were obtained
Clinical details Sample C5 C6 C8 C10 C12 C13 C14 C15 C16 C17 C18 C19 C20 C21
Tooth 21 46 34 25 41 34 16 25 38 21 25 25 37 43
History Medical history X X X X X X X X X X X X X X
Antibiotics in last 3 mons X X V V X X V V V X X X X X
Pain Pain episodes X V V X V X X X X X X X X X
Symptoms X V V X V X X X X X X X X X
Pain on chewing X X V X X X X X X X X X X X
Clinical exam Caries X V V X X V V X X V V V X X
Fracture V X X X X X X X X X X X X X
Integrity of crown
Intact pulp chamber V V V V V V V V V V V V V X
Open drainage X X X X X X X X X X X X X X
Exposed dentine X V V X X V V X X V V X V X
Restoration present V X X X V V V V X V V V V
Restoration leaking X V V ? N/A V ? V X ? ? V X V
Unrestored/partially restored X V V X X X X X X V X X X X
Tenderness to percussion X V V V X X V X X X V X X X
Signs of infection
Swelling Present X X X X V X X V V X X X V X
Description - - - - s - - s H -  . - - s -
Size (mm) - - - - 4 - - 7 ? -  . - - 4 -
Sinus tract X X X X X X V V X X X X V X
Mucosal erythema X X X V X X V V X X X X V X
Tenderness to palpation X X X X X V X X V X X X X X
Perio Probing profile N N N N N N N N ? N N N p N
Plaque X X X V X V V X ? V X X X V
Radiographic exam Periradicular lesion V V V V V V v V V V V V X
Size of lesion (mm) 5 7 7 5 5 4 6 ? 10 ? 5 7 0
Other G
Canal contents N N EX EX N N N N N N ? EX EX N
= feature present, or Yes; x = feature not present, or No and under Medical historv implies “ Nil re evant’ nformation not available;
no relevant entry; Under Swelling. S = Soft, H = Hard; Under Probing profile. N = within normal limits (2-4 mm), P = 4-6 mm; Plague scored as present (V) 
or absent (x); G = palato-gingiva! groove; Under Canal contents. N = necrotic, EX = exudate; N/A = not applicable.
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Table 3.5 Identities of the 117 strains; 102 based on partial 16S rRNA gene sequence
KEY: “Strain no” indicates the author’s strain designation. Bold/grey highlighted strains are those fully sequenced. Bold/italics are those where 
the ID was not based on 16S gene sequence (the strains had been lost but had previously been identified by conventional means); “Tooth” 
gives sample origin; “Bacterial designation of sequence giving closest match” gives the genus and species name of bacterial sequence to 
which the submitted sequence was most closely matched. Only emboldened names are considered to be confident estimates: bold species 
names mean that the strain was identified confidently to species level (> 98% sequence homology), whereas only emboldened genus name 
indicates that the strain was “spec/'es-like” (91-97% sequence homology), e.g. Streptococcus mitis is Streptococcus mitis-like.; “Sequence 
similarity (%)” gives the % match in sequence between the submitted and the closest sequence in the database; “Identity” gives the extent to 
which query and database sequences were invariant, it does not give the length of the submitted sequence; “No. of gaps” indicates the number 
of gaps in the matched alignment; “BLAST designation of sequence giving closest match” gives sequence/strain description/designation given 
in BLAST; “Accession number” gives accession number for tracing sequence in the databases.
Strain
no.
Tooth Bacterial designation of 
sequence giving closest match
Sequence
sim ilarity
%
“ Identity”
(bp)
No. of gaps BLAST designation of sequence 
giving closest match
Accession number
Phylum Firmicutes; Class Clostridia; Family Peptostreptococcaceae
P16 C 6 Peptostreptococcus sp. - - - - -
P18 C13 Peptostreptococcus micros - - - - -
P19 C13 Peptostreptococcus micros - - - - -
P20 C13 Peptostreptococcus micros - - - - -
P22 C13 Peptostreptococcus micros - - - - -
P24 C13 Peptostreptococcus micros 97% 410/421 8 Oral clone AJ062 (AF287767)
P31 C13 Peptostreptococcus micros 97% 444/455 2 Oral clone AJ062 (AF287767)
P53 C13 Peptostreptococcus micros 96% 446/461 3 Oral clone AJ062 (AJ287767)
Phylum Firmicutes; Class Clostridia; Family Eubacten aceae
P60 C 14 Eubacterium lentum - - - - -
173 C7 Pseudoramibacter alactolyticus 97% 379/387 4 16S rRNA gene (AB036761)
Phylum Firmicutes; Class Clostridia; Family Acidaminococcaceae
P45 C 6 Dialister pneumosintes 94% 375/395 2 16S rRNA gene (X82500)
P58 C 14 Dialister sp. 99% 463/480 12 GBA 27 / BS095 16S rRNA (AF287788)
135 C7 Dialister pneumosintes 99% 401/405 4 16S rRNA gene (X82500)
186 C7 Dialister pneumosintes 99% 401/405 4 16S rRNA gene (X82500)
P15 C 6 Veillonella sp. 98% 456/465 2 Oral clone AA050 (AF287782)
P44 C 6 Veillonella sp. 98% 472/481 4 Oral clone AA050 (AF287782)
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Strain
no.
Tooth Bacterial designation of 
sequence giving closest match
Sequence
similarity
%
“Identity”
(bp)
No. of gaps BLAST designation of sequence 
giving closest match
Accession number
P46 C 6 Veillonella sp. 95% 346/362 12 Oral clone AA050 (AF287782)
P47 C 6 Veillonella sp. 98% 436/444 5 Oral clone AA050 (AF287782)
P49 C 6 Veillonella sp. 96% 460/475 7 Oral clone AA050 (AF287782)
P50 C 6 Veillonella sp. 97% 437/447 4 Oral clone AA050 (AF287782)
P57 C 6 Veillonella sp. 96% 455/464 4 Oral clone AA050 (AF287782)
Phylum Firmicutes; Class Bacilli; Family Staphylococcaceae
P7 C 10 Staphylococcus epidermidis 96% 458/473 5 KL-096 16S rRNA gene (AY030342)
P12 C 10 Staphylococcus epidermidis 94% 453/457 3 KL-096 16S rRNA qene (AY030342)
P23a C13 Staphylococcus epidermidis 98% 431/436 1 LMG-19 (AJ276810)
P36 C13 Staphylococcus epidermidis 98% 436/444 5 KL-096 16S rRNA gene (AY030342)
P65 C 14 Staphylococcus epidermidis 93% 275/295 12 KL-096 16S rRNA gene (AY030342)
227 C 5 Staphylococcus epidermidis 98% 398/404 6 KL-096 16S rRNA gene (AY030342)
AR1m C 16 Staphylococcus epidermidis 97% 426/437 4 KL-096 16S rRNA gene (AY030342)
AR3m C 17 Staphylococcus epidermidis 96% 365/370 2 KL-096 16S rRNA gene (AY030342)
KG2m C 18 Staphylococcus epidermidis 97% 449/471 8 KL-096 16S rRNA gene (AY030342)
P16m C 6 Staphylococcus epidermidis 98% 440/460 9 KL-096 16S rRNA gene (AY030342)
225 C 5 Staphylococcus hominis 99% 399/402 2 JPL-5 16S rRNA gene (AY030318)
314 C 9 Staphylococcus warneri 95% 348/363 4 B60 16S rRNA gene (Z26903)
P30 C13 Gemella sanguinis 97% 473/483 5 Oral strain C24 KA (Y13364)
412 C 11 Gemella morbillorum 98% 427/435 5 933-88 16S rRNA gene (L14327)
Phylum Firmicutes; Class Bacilli; Family Lactobacillaceae
380 C 11 Lactobacillus casei 98% 372/377 3 16 S rRNA gene (AF385770)
380a C 11 Lactobacillus casei 97% 355/364 6 16 S rRNA gene (AF385770)
380b C 11 Lactobacillus casei 97% 373/375 2 16 S rRNA gene (AF385770)
Phylum Firmicutes; Class Bacilli; Family Enterococcaceae
387 C 11 Enterococcus faecium 97% 342/352 4 MPN isolate gp 13 16S rRNA gene (AF145258)
388 C 11 Enterococcus faecium 95% 402/420 10 16 S rRNA gene (AF070223)
392 C 11 Enterococcus hirae 95% 256/268 3 UK 877 (AJ272200)
C85m C 8 Enterococcus faecal is 99% 482/489 2 P78 (AJ276460)
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Strain
no.
Tooth Bacterial designation of 
sequence giving closest match
Sequence
similarity
%
“Identity”
(bp)
No. of gaps BLAST designation of sequence 
giving closest match
Accession number
Phylum Firmicutes; Class Bacilli; Family Streptococcaceae
P10 C 10 Streptococcus anginosus 98% 422/428 1 VA8466-00 (AF306838)
P25 C13 Streptococcus anginosus 93% 351/374 5 Strain 21 (AF145242)
P26 C13 Streptococcus anginosus 98% 442/448 2 16S rRNA gene (AF145242)
P37b(s) C13 Streptococcus anginosus 98% 468/472 2 VAMC 3075 (AF169358)
P37b(l) C13 Streptococcus anginosus 95% 421/439 8 VAMC 3075 (AF169358)
P38a C13 Streptococcus anginosus 98% 464/470 3 VAMC 3075 (AF169358)
P38b(s) C13 Streptococcus anginosus 98% 467/473 3 VAMC 3075 (AF169358)
P38b(l) C13 Streptococcus anginosus 98% 444/449 1 VAMC 3075 (AF169358)
P39 C13 Streptococcus anginosus 97% 384/394 2 Strain 21 (AF145242)
P40 C13 Streptococcus anginosus 97% 427/437 3 VAMC 3075 (AF169358)
345a C 11 Streptococcus anginosus 97% 360/370 6 VA8466-00 (AF306838)
345c C 11 Streptococcus anginosus 99% 378/380 2 VA8466-00 (AF306838)
354 C 11 Streptococcus anginosus 98% 386/390 4 VA8466-00 (AF306838)
356 C 11 Streptococcus anginosus 98% 377/382 5 VA8466-00 (AF306838)
357 C 11 Streptococcus anginosus 99% 374/377 3 VA8466-00 (AF306838)
358 C 11 Streptococcus anginosus 98% 338/344 4 VA8466-00 (AF306838)
360 C 11 Streptococcus anginosus 99% 378/381 3 VA8466-00 (AF306838)
361 C 11 Streptococcus anginosus 95% 271/283 8 1204 16S rRNA gene (AF145240)
363 C 11 Streptococcus anginosus 97% 310/317 5 1204 16S rRNA gene (AF306838)
374 C 11 Streptococcus anginosus 96% 209/216 3 1204 16S rRNA gene (AF145240)
378 C 11 Streptococcus anginosus 98% 373/379 5 1093 16S rRNA gene (AF145244)
383 C 11 Streptococcus anginosus 98% 365/372 3 1093 16S rRNA gene (AF145244)
393 C 11 Streptococcus anginosus 96% 422/436 8 VA8466-00 (AF306838)
395 C 11 Streptococcus anginosus 96% 414/428 6 1093 16S rRNA gene (AF145244)
414 C 11 Streptococcus anginosus 97% 411/422 9 1093 16S rRNA gene (AF145244)
P42 C 5 Streptococcus constellatus 97% 332/344 7 206 16S rRNA gene (AF104677)
125 C7 Streptococcus constellatus 97% 406/427 9 ATCC27823 (AF104676)
157 C7 Streptococcus constellatus 95% 375/393 10 ATCC27823 (AF104676)
P6 C 10 Streptococcus milleri - - - - -
P27 C13 Streptococcus milleri - - - - -
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Strain
no.
Tooth Bacterial designation of 
sequence giving closest match
Sequence
similarity
%
“Identity”
(bp)
No. of gaps BLAST designation of sequence 
giving closest match
Accession number
P59 C 14 Streptococcus milleri - - - - -
P21 C13 Streptococcus intermedius 98% 461/470 5 ATCC27335 (AF104671)
P35 C13 Streptococcus intermedius 96% 434/451 9 ATCC27335 (AF1044671)
P29 C13 Streptococcus salivarius 97% 439/448 5 16S rRNA gene (M58839)
P34 C13 Streptococcus salivarius 98% 438/446 2 D29A (M58839)
P28 C13 Streptococcus mitis 97% 406/415 4 Unidentified SH2 gene 16S rRNA (AJ295853)
425 C 15 Streptococcus mitis 97% 406/415 7 16S rRNA gene (AF003929)
P8(l) C 10 Streptococcus sanquinis 95% 334/348 5 16S rRNA gene (AF003928)
Phylurr Actinobacteria; Class Actinobacteria; Subclass Coriobacteridae; Family Coriobacteriaceae
143 C7 Atopobium rimae 98% 395/403 5 16S rRNA gene (AF292371)
180 C7 Atopobium rimae 96% 385/399 4 16S rRNA gene (AF292371
181 C7 Atopobium rimae 98% 393/399 5 16S rRNA gene (AF292371)
P14 C 6 Slackia exigua 94% 352/387 12 16S rRNA gene (AF101240)
P43 C 5 Slackia exigua 98% 572/621 4 16S rRNA gene (AF101240)
P61 C 14 Slackia exigua 97% 390/402 3 16S rRNA gene (AF101240)
P62 C 14 Slackia exigua 96% 450/469 4 16S rRNA gene (AF101240)
P63 C 14 Slackia exigua 96% 422/436 3 16S rRNA gene (AF101240)
P64 C 14 Slackia exigua 93% 2445/281 5 16S rRNA gene (AF101240)
P66 C 14 Slackia exigua 91% 206/224 3 16S rRNA gene (AF101240)
P68 C 12 Slackia exigua 96% 457/472 11 16S rRNA gene (AF101240)
P71 C 12 Slackia exigua 93% 374/401 5 16S rRNA gene (AF101240)
156 C7 Slackia exigua 96% 434/449 9 16S rRNA gene (AF101240)
170 C7 Slackia exigua 96% 279/290 4 16S rRNA gene (AF101240)
184 C7 Slackia exigua 97% 435/448 9 16S rRNA gene (AF101240)
185 C7 Slackia exigua 95% 368/384 8 16S rRNA gene (AF101240)
172a C7 Olsenella uli 97% 266/274 4 16S rRNA gene (AF292373)
178 C7 Olsenella profusa 98% 385/394 5 16S rRNA gene (AF292374)
Phylurr Actinobacteria; Class Actinobacteria; Subclass Actinobacteridae; Family Micrococcaceae
310 C 9 Micrococcus lylae 99% 282/284 2 16S rRNA gene (X80750)
326 C 9 Micrococcus luteus 97% 385/395 7 MT2 16S rRNA gene (AJ309917)
336 C 9 Micrococcus luteus 98% 363/367 3 KT1115 16S rRNA gene (AF235113)
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Strain
no.
Tooth Bacterial designation of 
sequence giving closest match
Sequence
similarity
%
“Identity”
(bp)
No. of gaps BLAST designation of sequence 
giving closest match
Accession number
377 C 11 Micrococcus luteus 98% 372/376 MT2 16S rRNA gene (AF058372)
Phylum Actinobacteria; Class Actinobacteria; Subclass Actinobacteridae; Family Dermabacteriaceae
321 C 9 Brachybacterium conqlomeratum 96% 387/400 2 V589 16S rRNA gene (AF324202)
Phylum Actinobacteria; Class Actinobacteria; Subclass Actinobacteridae; Family Corynebacteriaceae
325 C 9 Corynebacterium minutissimum 98% 462/471 7 Uncultured CB3 16S rRNA gene (X82064)
Phylum Actinobacteria; Class Actinobacteria; Subclass Actinobacteridae; Family Propionibacteriaceae
P8(s) C 10 Propionibacterium acnes 95% 385/402 11 16S rRNA gene (AF145256)
P9 C 10 Propionibacterium acnes - - - - -
P11 C 10 Propionibacterium acnes - - - - -
P13 C 10 Propionibacterium acnes - - - - -
P23b C13 Propionibacterium acnes 98% 435/443 3 16S rRNA gene (AF145256)
172b C7 Propionibacterium acnes 95% 288/301 8 16S rRNA gene (AF154832)
C82m C 8 Propionibacterium acnes 96% 443/457 7 16S rRNA gene (AF145256)
390 C 11 Acinetobacter Iwoffii 97% 385/393 3 A382 (AF188302)
Phylum Bacteroidetes; Class Bacteroidetes; Family Porphyromonadaceae
P41 C 5 Porphyromonas gingivalis 95% 350/366 8 16S rRNA gene (AF287987)
Phylum Proteobacteria; Class Epsilonproteobacteria; Family Campylobacteriaceae
P56 C13 Campylobacter rectus 98% 448/461 7 AP60-47 gene 16S rRNA gene (L06973)
No close designation
P17 C 6 Unidentified - - - - -
P32 C13 Unidentified - - - - -
P33 C13 Unidentified - - - - -
Hereforith, the strains designated to species level with con fidence (> 98% sequence similarity) are known by their emboldened specie;
e.g. “Slackia e x ig u a whilst those designated to genus level with confidence but only “best match” to species (< 97% -  91% sequence 
similarity) will be known as “species-like”. To save adding the post-fix “-like” on every occasion, these will be designated by emboldened 
genus name and closest species name, e.g. “Slackia exigua" is equivalent to “Slackia exigua-like”. In total, 39/102 (38%) were designated 
confidently to species level and the rest to genus level; of the latter group, though, 25 strains had 97% sequence homology, a threshold 
accepted by some (Stackebrandt & Goebel 1994) for species identity. This would give a total of 64/102 (63%) with species-level 
identification. None of the strains were below the 91% sequence homology threshold for novel genera.
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The data in Table 3.5 are summarised by number of strains per genus and species 
(assuming the closest species match to be correct) in Table 3.6 below.
Table 3.6 Summary data on strains given by genus and species
Genus Species No. of strains/species No. of strains/genus
Streptococcus anqinosus 25
38
milleri 3
constellatus 3
intermedius 2
mitis 2
salivarius 2
sanquinis 1
Slackia exiqua 13 13
Staphylococcus epidermidis 10
12hominis 1
warneri 1
Peptos trep tococcus micros 7 8
sp. 1
Propionibacterium acnes 7 7
Veillonella sp- ____ 7 7
Micrococcus luteus 3
4lylae 1
Enterococcus faecium 2
4faecalis 1
hirae 1
Dialister pneumosintes 3 4
sp. 1
Lactobacillus casei 3 3
Atopobium rimae 3 3
Olsenella uli 1 2
profusa 1
Gemella morbillorum 1 2
sanquinis 1
Acinetobacter Iwoffii 1 1
Porphyromonas qinqivalis 1 1
Campylobacter rectus 1 1
Eubacterium lentum 1 1
Brachybacterium conqlomeratum 1 1
Corynebacteri urn minutissimum 1 1
Pseudoramibacter alactolyticus 1 1
Unidentified 3 3
Overall totals
20 34
(3 unidentified)
117 117
Species designations given in bold where > 50% strains were identified with > 98% sequence 
homology
The table shows that Streptococcus species were by far the most common among 
the strains and of these S. anginosus was the commonest; 42% were identified to 
species level. This was followed by Slackia exigua and then Staphylococcus 
species of which S. epidermidis was the commonest. The presence of some gram- 
negative species and those normally regarded as bacillary in form (Lactobacillus, 
Propionibacterium, Eubacterium species, etc.) was a little surprising. Three strains 
remained unidentified.
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Table 3.7 Distribution of strains by genus and species per toot hi sample
Tooth
sample
No. of 
strains
No. of 
species*
No. of 
genera
Types Relative
numbers
C5 5 3(5) 4 Porphyromonas gingivalis 1
Slackia exigua 1
Staphylococcus epidermidis 1
Staphylococcus hominis 1
Streptococcus constellatus 1
C6 12 2(5) 5 Dialister pneumosintes 1
Peptostreptococcus sp. 1
Slackia exigua 1
Staphylococcus epidermidis 1
Veillonella sp. 7
Unidentified 1
C 7 15 3(8) 7 Atopobium rimae 3
Dialister pneumosintes 2
Olsenella uli 1
Olsenella profusa 1
Propionibacterium acnes 1
Pseudoramibacter alactolyticus 1
Slackia exigua 4
Streptococcus constellatus 2
C9 6 3(5) 4 Brachybacterium conglomeratum 1
Corynebacterium minutissimum 1
Micrococcus luteus 2
Micrococcus lylae 1
Staphylococcus warneri 1
C10 9 1 (5) 3 Propionibacterium acnes 4
Streptococcus anginosus 1
Staphylococcus epidermidis 2
Streptococcus milleri 1
Streptococcus sanguinis 1
C11 24 4(7) 6 Acinetobacter Iwoffii 1
Enterococcus faecium 2
Enterococcus hirae 1
Gemella morbillorum 1
Lactobacillus casei 3
Micrococcus luteus 1
Streptococcus anginosus 15
C13 29 4(10) 6 Campylobacter rectus 1
Gemella sanguinis 1
Peptostreptococcus micros 7
Propionibacterium acnes 1
Staphylococcus epidermidis 2
Streptococcus anginosus 9
Streptococcus intermedius 2
Streptococcus milleri 1
Streptococcus mitis 1
Streptococcus salivarius 2
Unidentified 2
C14 8 1(4) 4 Dialister sp. 1
Eubacterium lentum 1
Slackia exigua 5
Staphylococcus epidermidis 1
Totals 108 21 (49) 40 108
Species designations in bold where > 50% strains had > 98% sequence homology; 
*See text overleaf.
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Table 3.7 above gives the distribution of the strains by individual tooth sample 
(for those where aN gram-positive coccoid morphotypes were selected from the 
sample) with an indication of the relative numbers of strains and their genus and 
species designations (closest match indicated in bold highlight according to % 
sequence homology) per tooth. In the column “No. of species”, the unbracketed 
number indicates the number of confirmed species designations (98% sequence 
homology). The bracketed figures indicate the maximum number of species 
possible if all the species designations were correct.
Five of these 8 teeth contained Streptococcus species, some containing several 
taxonomic varieties. Slackia species was present in 4/8 teeth and Staphylococcus 
species in 6/8. Therefore, even though Streptococcus species formed the largest 
number of strains, the most commonly occurring in different teeth were 
Staphylococcus species. The large number of streptococci is accounted for by the 
large number of strains of Streptococcus anginosus recovered from samples C11 
(15) and C13 (9). Just over half of these were confidently identified (> 98% 
sequence homology) to species level. Different species of the same genus were 
sometimes present in the same tooth, for instance, Staphylococcus hominis and S. 
epidermidis (C5), Micrococcus luteus and M. lylae (C9). The same could be said of 
other cases too, if their species designations were accurate; Olsenella profusa and 
O. uli (C7), Streptococcus anginosus, S. sanguinis and S. milleri (C10) and 
Enterococcus faecium and E. hirae (C11). Two of the strains that remained 
unidentified originated from the same tooth (C13).
It should be noted that the column denoting “relative numbers” in Table 3.7, 
does not give a quantitative assessment of the species in the canal, that is, the 
number of CFUs per species was not determined. The column gives the relative 
number of isolates that were identified as a given species out of the 108 that were 
from the 8 teeth. The data were further quantified by numbers o f genera and 
species per tooth (Table 3.8).
Table 3.8 Mean number of strains, species and genera per tooth and 
their range (n = 8)
Measure per tooth Mean number Range
No. of strains per tooth 13.5 5-29
Total no. of possible species per tooth 
(91 %—99% sequence homology
6.1 4-10
No. of species per tooth (> 98% homology) 2.6 1-4
No. of genera per tooth (> 91% homology) 5.0 3-7
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3.3.3 Analysis of data on DNA extraction
The collection of raw data on the process of DNA extraction was not framed within 
the context of testing a hypothesis but simply to explore potential relationships. As 
such the analysis was retrospective, subjective and relatively crude and no useful 
data was generated.
It was possible to extract DNA successfully at the first attempt for 89/103 (86%) 
of the strains, whilst 14/103 (14%) required DNA extraction at least twice to obtain 
amounts clearly discernible by gel electrophoresis. The following species proved 
difficult to extract DNA from (brackets show number of strains involved):
Acinetobacter Iwoffii Pseudoramibacter alactolyticus
Atopobium rimae Slackia exigua (x 2)
Dialister pneumosintes Streptococcus anginosus (* 4)
Micrococcus lylae Streptococcus constellatus (x 2)
Olsenella profusa
Certain strains of Streptococcus species were the most difficult from which to 
extract DNA.
It was noted during the experimental procedures that certain strains gave 
distinctly different patterns of DNA “smear” on gel electrophoresis. This seemed to 
occur despite different extraction runs, whilst other strains showed no shearing at all 
even though the handling and manipulation were identical. It was therefore 
tentatively concluded that the appearance of the DNA on gel electrophoresis was 
species or strain dependent. Three species consistently (in more than 75% of 
cases) gave the same DNA pattern. These were:
Micrococcus spp. (n = 5)
Streptococcus anginosus (n = 25)
Streptococcus constellatus (n = 5)
3.3.4 Analysis of data on success of PCR reactions
Three PCR reactions were carried out on each selected strain template in any run, 
one for each DNA concentration 10°, 10"1,10"2 (and sometimes 10'3 instead of 10°); 
a certain proportion of these would fail as judged by the absence of a band on gel 
electrophoresis. A total of 188 sets (of three: 10°, 10~1, 10“2) or 564 individual PCR 
reactions were performed for the 102 strains that were identified by 16S rRNA gene 
sequence (excluding full sequencing).
The DNA yield in the PCR product was quantified by spectrophotometry for the 
sequencing reactions. The DNA yield ranged from 7.5 ng ml-1 to 545 ng ml-1 (mean 
104 ng ml'1, n = 95). PCR amplicon bands on gel electrophoresis were also graded
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subjectively as weak, faint, moderate, good or strong. Table 3.9 (below) shows the 
frequency with which PCR amplicon bands were graded in each category out of the 
188 sets of PCRs. The PCR reactions could theoretically be positive for one dilution 
only (column 1, rows 1-3) or in any combination of dilutions (column 1, rows 5-8) 
with a given strength of band. The frequency of amplicon band strength (weak, faint, 
moderate, etc.) per dilution or combination of dilutions is given in each succeeding 
column. Columns 4 and 7 pool the data from the preceding two columns as a 
summary. The column labelled “multiple” gives the frequency of occurrence of 
multiple PCR amplicons per reaction.
Table 3.9 Relation between bacterial DNA dilution factor and quality of 
PCR band
1 2 3 4 5 6 7 8 9
Combinations 
of DNA 
dilutions
Weak/
Faint
Moderate Pooling
Weak/
Faint/
Moderate
Good Strong Pooling
Good/
Strong
Multiple Total no. 
that were 
positive
1 10u 14 1 15 11 7 • 18 2 35
2 10'1 14 4 18 3 4 7 0 25
3 10" 6 1 7 5 4 9 0 16
4 Sub-total 34 6 40/74
(54%)
18 15 34/74
(46%)
2 76/168
(45%)
5 10M 0'1 2 1 3 4 8 12 3 18
6 10u,10" 0 1 1 0 0 0 0 1
7 10'\10'2 7 3 10 10 20 30 1 41
8 10U,1 0 \1 0 * 7 0 7 7 13 20 5 32
9 Sub-total 16 5 21/83
(25%)
21 41 62/83
(75%)
9 92/168
(55%)
10 Total 50 11 61 39 55 96 11 168
KEY: Numbers in columns give the frequency with which PCR amplicon bands were graded in 
each of the categories for ail the PCRs on the 102 strains (188 sets of 3 = 564). NB. negative 
results not reported. Multiple = multiple bands.
The table shows that out of 188 sets of (or 564 individual) reactions, 168 
individual reactions, each from a separate set, were positive; therefore 168/188 
(89%) attempts were positive. However, only 96/168 sets (57%) gave a good or 
strong band, the rest gave weak to moderate bands only.
The total numbers of positive reactions per dilution (occurring singly or in 
multiple dilutions) may be calculated from the above table and were as follows:
10° = 84, therefore 188-84 = 104/188 (55%) were negative
10"1 = 116, therefore 188-116 = 72/188 (38%) were negative
10~2 = 90, therefore 188-90 = 98/188 (52%) were negative
Therefore the dilution 10”1 was the most successful.
A total of 20 sets of reactions (including all dilutions) were negative.
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A total o f 290/564 (51%) of individual PCR reactions were positive and 274/564 
(49%) were negative.
The 102 strains required 188 sets of PCR reactions because of negative or 
inadequate PCR results in numerous cases. The frequency of PCR attempts 
required to achieve a “useable” (based on band strength) PCR product for 
sequencing is given in Table 3.10.
Table 3.10 Number of PCR attempts required to obtain a useable 
product
Number of PCR reactions required to 
achieve a useable PCR product
1 2 3 4 5+
Frequency 60 14 14 4 7
% of total 61 14 14 4 7
The frequency of multiple PCR attempts to obtain a useful product for individual 
species (actual or putative) is given in Table 3.11 below. It shows that Slackia 
exigua proved the most difficult to obtain PCR products for, though there were 13 
strains and not all exhibited this behaviour. They were followed by two 
Streptococcus species, which were again unusual in the problem encountered with 
these strains. Two of the less common Enterococcus and Micrococcus species also 
required multiple attempts to obtain satisfactory PCR products.
All PCR reactions were initially performed with the universal primers, 27f/1492r, 
and if this failed to yield a product, the reaction was repeated with the same primers. 
Only on a further failure were other primer combinations tried. The frequency with 
which other primer combinations were used in these failed cases is shown in Table
3.12 below. The 1392r primer was used in all these combinations, with either 27f or 
357f. The latter combination was also used with Q solution which enhanced the 
potential to obtain a PCR product. All combinations also resulted in multiple bands 
but could be ignored where at least one reaction gave a single, satisfactory band.
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Table 3.11
Frequency of strains (given by actual or putative identity) requiring 
multiple PCR attempts to yield a useful product
Species 2 PCR 3 PCR 4 PCR 5 PCR
attempts attempts attempts attempts
Acinetobacter Iwoffii - 1 - -
Atopobium rimae 1 1 - -
Corynebacterium minutissimum - 1 - -
Dialister pneumosintes 1 - - -
Enterococcus faecium 1 1 - -
Enterococcus hirae 1 - - -
Lactobacillus casei 2 - - -
Micrococcus luteus - 1 - -
Micrococcus lylae - 1 - -
Olsenella uli 1 - - -
Porphyromonas gingivalis - - - 1
Propionibacteriun acnes 1 - - -
Pseudoramibacter alactolyticus - - 1 -
Slackia exigua - 3 2 5
Staphylococcus warneri - - 1 -
Staphylococcus epidermidis 1 - - -
Streptococcus anginosus 4 4 - -
Streptococcus constellatus 1 1 - 1
Species designations given in bold where strains were identified with > 98% sequence 
homology.
Table 3.12 Frequency of use of primer combinations other than 
27f/1492r and their outcomes
27f/1392r 357f/1392r 357f/1392r (Q sol) Total
Useful product 7 (44%) 6 (35%) 5 (56%) 18
Multiple bands 7 (44%) 4 (24%) 2 (22%) 13
Negative result 2(12% ) 7 (41% ) 2 (22%) 11
Total 16(100% ) 17(100% ) 9(100% ) 42
KEY: Q sol = Q solution® was used as an adjunct to facilitate acquisition of a PCR product.
In fact, Q solution was used to obtain PCR products for Porphyromonas 
gingival is (*  1), Slackia exigua (*  7) and Streptococcus constellatus (*  1). The 
strains not yielding any useful PCR product included Porphyromonas gingivalis 
(P41), Streptococcus constellatus (P42) and Olsenella profusa (178). These all 
gave multiple bands, which were cut out from the gel and the DNA extracted and 
cloned before identification by sequencing.
3.3.5 Data on sequencing reactions
Once a satisfactory PCR product was obtained and had been purified, it was 
amplified in a sequencing reaction using a single primer to obtain single-stranded 
DNA for sequencing. Of the 102 strains, 79 (77%) required a single sequencing 
reaction to obtain a satisfactory sequence. The rest (23) required multiple 
sequencing reactions and several sequences were generated before a satisfactory
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identification could be obtained. Table 3.13 gives the number of strains that required 
2 to more than 5 sequences.
Table 3.13 Frequencies of strains requiring multiple sequences for 
identification
Number o f sequences per strain 2 3 4 5+ Total
Frequency of strains 14 4 2 3 23
Total sequences 28 12 8 15 63
The sequencing reactions were usually conducted with 27f as the primer of 
choice. If this failed to give a satisfactory sequence at the second attempt, a 
different primer was tried. This was repeated with alternative primers until a 
satisfactory sequence was obtained. Table 3.14 shows the frequencies with which 
strains required multiple primers to obtain a satisfactory sequence for identification. 
Column 1 shows the number of times multiple sequences were obtained with a 
single primer.
Table 3.14 Frequencies of strains requiring several primers to obtain a 
satisfactory sequence
Number of primers required to obtain 
satisfactory sequence product
1 2 3 4+ Total
Frequency of strains 7 9 2 5 23
The frequency of use of each of the primers for sequencing reactions was 27f (102), 
357f (12), 1392r (9) and 907r(1).
The 102 strains required 164 nucleotide sequences for their identification. Of 
these, 23 strains required 63 sequences. Of the 164 sequences, 33 (20%) were 
given different identifications by the RDP and BLAST searches. When these were 
rationalised into strain identifications, 27/102 (26%) were given different identities by 
the two search methods. Of these, 18 were given different species designations and 
9 were given different genus designations. The strains that were difficult to identify 
by 16S rRNA gene sequence were designated under the genera, Streptococcus, 
Veillonella, Olsenella, Dialister, Atopobium, Staphylococcus, Eubacterium, Gemella, 
Enterococcus, Porphyromonas and Slackia.
The quality of sequences submitted for identification was considered excellent, it 
was measured by the length of sequence, the number and proportion of “N” scores 
(base not identified) and the number of repeat counts at the tail end of the 
sequence. The latter describes the situation where broadening peaks on the 
electropherogram are multiple-counted by the sequence reading software giving rise 
to inaccuracies.
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The mean number of bases per submitted sequence was 423 bp (n = 106), with 
a range of 163-765 bp. The mean number of “Ns” per sequence was 0.8 (n = 106) 
with a range of 0-21. Seventy-two percent (76/106) of sequences were free of “Ns”, 
12% (13/106) had one “N”, and 7% (7/106) had two “Ns”. Therefore 91% of the 
sequences had 0, 1 or 2 “Ns” per sequence at most.
Ninety-six percent (102/106) of sequences had no repeat counts at the tail end 
of the sequence. Of the four that had repeat counts, these included no more than 50 
terminal bases.
3.3.6 Full sequencing of 16S rRNA genes of strains difficult to identify
Including the full sequences, a total of 186 sequences were analysed to identify 102 
strains. Two strains (2%) required full sequence construction by alignment of 
overlapping nucleotide sequences from 11 primers each. Summaries of these 
analyses are presented below.
Strain P43
Seven from the set of 11 sequencing primers gave useable sequences; including 
357f, 1114f, 519r, 685r, 907r, 1100r and 1392r. These 7 sequences gave two 
contiguous consensus sequences upon multiple alignments using DNAman. One of 
these sequences (762 bp) gave an identification of Slackia exiaua with good 
matches of 572 bp (92% sequence homology with database sequence AF101240).
No identifications were obtained for the individual sequences from primers 27f, 
926f, 342r and 1492r. There was agreement on identification for the sequences 
from the databases searched by RDP and BLAST. The maximum similarity obtained 
using the RDP search method was for an individual primer sequence (S_ab value = 
0.861) rather than for the consensus sequence (S_ab value = 0.786). The maximum 
similarity using the BLAST search was obtained using the consensus sequence (Bit 
score and Expect value = 981 0.0) compared with an individual sequence (Bit score 
and Expect value = 977 0.0).
Strain P58
Ten of the set of 11 primers yielded useable sequences (27f, 357f, 1114f, 342r, 
519r, 685r, 907r, 110Or, 1392r, 1492r); only 926f did not yield a useable sequence. 
A single contiguous consensus sequence (1527 bp) was obtained by multiple 
alignment using DNAman which was identified as Dialister s p . Of 7 primer 
sequences, one identification was Dialister pneumosintes whilst the other search 
method gave Dialister sp. The RDP search gave a maximum similarity for a primer 
sequence of 0.851, whilst for the consensus sequence it gave 0.592. In contrast, the 
BLAST search method gave a maximum similarity for an individual primer sequence
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of 886 0.0, whilst for the consensus sequence it gave 2565 0.0 with a 95% match 
of 1458 bp to database sequence AF287787.
3.3.7 Phylogenetic analysis of sequence data for selected strains
Selected strains falling within the phylum Firmicutes, class Clostridia (Figure 3.1) 
and class Bacilli (Figure 3.2) and phylum Actinobacteria (Figure 3.3) were analysed 
by phylogenetic tree reconstruction as described in Chapter 2. Full sequences from 
closest relatives (indicated with prefix “S” on the tree) were down-loaded from 
BLAST and aligned with the partial sequences obtained in this study.
The strains within the Clostridia class clustered as expected with the down­
loaded full sequences (Figure 3.1). There appeared to be two subgroups within 
each genus, Veillonella, Dialister and Peptostreptococcus. The clustering of the 
larger group of Bacilli was more complex, though these mostly clustered as 
expected (Figure 3.2); the exceptions were the “Standards” for Streptococcus 
salivarius, S. sanguinis and S. mitis, as well as E. faecalis. The strains in the phylum 
Actinobacteria (Figure 3.3) also clustered with their standard strains with the 
exception of two; Slackia exigua and Olsenella uli. Some variation was evident 
between strains of the same species based on this analysis.
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S51 -  Atopobium rimae (AF292371)
  P46 -  Veillonella sp.
1000
1000
972
1000
1000
1000
241
326
440
1000
695
526
1000
-S38 -  Veillonella sp. 
(clone AA050/AF287782)
-----------  P 4 7 -
Veillonella sp.
----------- P15 -
Veillonella sp.
----------- P 5 7 -
Veillonella sp.
------------P50 -
Veillonella sp.
--------------P49 -  Veillonella sp.
-------------  P44 -  Veillonella sp.
P45 -  D ia l is te r  p n e u m o s in te s  
186  -
D ia l is te r  p n e u m o s in te s
698
-------------------------- S40(U 13040)
299 D ia l is te r  p n e u m o s in te s  
-------------------------- 135 -
978
D ia l is te r  p n e u m o s in te s  
  P58 -  D ia l is te r  s p .
-------------------------- S41 -  D ia l is te r  sp.
(oral strain GBA27/AF287788)
173 -  Pseudoramibacter alactolyticus
S55 -  Pseudoramibacter alactolyticus 
(strain 23262T/AB036759)
S45 -  P e p to s tr e p to c o c c u s  m ic r o s  
(D14143)
-----------------------  P31 -
607
1000 P e p to s t r e p to c o c c u s  m ic r o s  
----------------------------  P 5 3 -
P e p to s t r e p to c o c c u s  m ic r o s  
  P24 -
100 P e p to s tr e p to c o c c u s  m ic r o s
Figure 3.1 Phylogenetic tree based on 16S rRNA gene sequence comparisons over 450 bases 
showing strains falling within the C lo strid ia  class of phylum F irm ic u te s . Tree was constructed by 
the neighbour-joining method following distance analysis of aligned sequences and was rooted 
for A to p o b iu m  rim a e . Branch numbers (black) represent bootstrap values for each branch 
based on 1000 trees. Strains with same identities are coloured in similar hues. Strain (where 
available) and accession numbers for full 16S rRNA sequences of related species used as 
standards (“S”) for comparison are indicated in brackets. Scale bar quantifies differences 
between sequences.
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S51 -  Atopobium rimae (AF292371)
-S22 -  Streptococcus salivarius (X58320)
1000 ■ —    S18 -  Streptococcus sanguinis (X53653)
S14 -  Streptococcus mitis (AF003929)
P65 — Staphylococcus epidermidis 
314 -  Staphylococcus warned  
387 -  Enterococcus faecalis
392 -  Enterococcus hirae
S9 -  Enterococcus faecalis (AB036835)
1000 ,--------------------- 388 -  Enterococcus faecium
1000   S10 -  Enterococcus faecium
(AF070223)
380a — L. casei S 11 - Enterococcus hirae
1000   S1 -  L. casei
900    380b -  Lactobacillus casei
380 -  Lactobacillus casei 
225 -  Staphylococcus hominis
S25 -  Staphylococcus hominis (strain JPL-5/AY030340)
P7 -  Staphylococcus epidermidis
773,---------------------- 227 -  Staphylococcus epidermidis
P36 -  Staphylococcus epidermidis 
P12 -  S. epidermidis 
€24 -  S. epidermidis 
PSGa S epidermidis (strain KL-004/AY030340) 
S28 -  Staphylococcus w arned  (L37603)
412 -  Gemella morbillorurn
S33 -  Gemella morbillorurn (L14327)
P30 -  Gemella sanguinis
S34 -  Gemella sanguinis (strain 2045-94/Y 13364)
378 -  Streptococcus anginosus  
345a -  Streptococcus anginosus 
409 I 345c -  Streptococcus anginosus
1 441 I j j g  357 -  Streptococcus anginosus
* 383 -  Streptococcus anginosus
358 -  Streptococcus anginosus
P39 -  Streptococcus anginosus  
P38a -  S. anginosus  
P37bs -  S. anginosus  
P38bs -  S. anginosus  
P40 -  S. anginosus  
P38bl -  S. anginosus  
393 -  S. anginosus
P10 -  S anginosus 
S12 -  S. anginosus 
395 -  S. anginosus 
414 - S .  anginosus  
356 -  S. anginosus
354 - S. anginosus 
360 -  S. anginosus  
P25 -  S. anginosus
363 -  S. anginosus (strain ATCC27335 
P37bL -  S. anginosus /AF 104671)
S16 -  S. intermedius
943 ---------------------  p21  -  S intermedius
P35 -  S. intermedius 
157 -  S. constellatus 
125 -S . constellatus 
7 -  S constellatus (ATCC27823/ 
P34 -  S. salivarius AF104676) 
P26 -  S. salivarius 
P29 -  S. salivarius 
425 -  S. mitis 
P28 -  S. mitis 
P8I -  S. mitis
Figure 3.2 Phylogenetic tree based on 16S rRNA gene sequence comparisons over 300 bases 
showing strains falling within the Bacilli class of phylum Firmicutes. Tree was constructed by the 
neighbour-joining method following distance analysis of aligned sequences and was rooted for 
Atopobium rimae. Branch numbers (black) represent bootstrap values for each branch based on 
1000 trees. Strains with same identities are coloured in similar hues. Strain (where available) and 
accession numbers for full 16S rRNA sequences of related species used as standards (“S”) for 
comparison are indicated in brackets. Scale bar quantifies differences between sequences.
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483
S12 -  Streptococcus anginosus (strain ATCC33397/AF104678)
170 -  Slackia exigua 
172a -  Olsenella uli
S59 -  Acinetobacter Iw o ffii (strain ATCC17925/Z93441)
390 -  Acinetobacter Iwoffii
 185 -  Slackia exigua
S42 -  Slackia exigua (AF101240)
P71 -  Slackia exigua
- P14 -  Slackia exigua
- P64 -  Slackia exigua 
325 -  Corynebacterium minutissimum 
 S58 -  Corynebacterium minutissimum (X82064)
310 -  Micrococcus lylae 
 S36 -  Micrococcus lylae (AF057290)
1000 428
620
554
83 686
520
399
776
941
863
647
828
723
1000
21 1 Brachybacterium J conglomeratum
P8S -  Propionibacterium acnes
P23b -  Propionibacterium acnes
377 -  Micrococcus luteus
  326 -  Micrococcus luteus
S35 -  Micrococcus 
luteus (AF057289) 
336 -  Micrococcus 
luteus
818
1000
971
S50 -  Propionibacterium acnes
(isolate #1447/AB041617)
1000
998
S53 -  Olsenella uli (AF292373)
S54 -  Olsenella profusa (AF292374) 
178 -  Olsenella profusa
1000
613
1000
383
100
— S51 -  Atopobium rimae (AF292371)
— 181 -  Atopobium rimae 
180 -  Atopobium rimae 
------------ 143 -  Atopobium rimae
Figure 3.3 Phylogenetic tree based on 16S rRNA gene sequence comparisons over 350 
bases showing strains falling within the phylum Actinobacteria. Tree was constructed by 
the neighbour-joining method following distance analysis of aligned sequences and was 
rooted for Streptococcus anginosus. Branch numbers (black) represent bootstrap values 
for each branch based on 1000 trees. Strains with same identities are coloured in similar 
hues. Strain (where available) and accession numbers for full 16S rRNA sequences of 
related species used as standards (“S”) for comparison are indicated in brackets. Scale bar 
quantifies differences between sequences.
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3.4 Discussion
The case was made in the introduction for a study of the species richness of gram- 
positive coccoid morphotypes in root canal infections using the 16S rRNA gene 
sequence for identification.
3.4.1 Discussion of methodology
Prior to definitive studies on molecular ecology of the root canal system, the 16S 
rRNA techniques would need to be adapted to suit the requirements for endodontic 
isolates in order to reduce or account for inherent bias. The aim of selecting suitable 
isolates for this exercise was to cast the net as wide as possible to capture the 
broadest representation. The samples were therefore harvested from a range of 
diverse clinical conditions, all of which were well characterised (Table 3.4). The 
sample collection was not random as it was dictated by the logistics of laboratory 
processing as well as the desire for breadth of sample specificity. It was accepted 
that this would reduce the utility of the data for statistical comparisons. All but one 
sample were obtained from teeth with intact pulp chambers and most clinical 
scenarios were represented within the remits of the selection criteria. Eight samples 
contributed their total gram-positive coccoid morphotype content whilst some were 
randomly selected from other samples. The problems of sample retrieval and 
potential contamination had been addressed in previous work (Moller 1966, 
Smallwood etal. 1998, Ng etal. 2003). The introduction of a liquid medium into dry 
root canals for sampling, posed a problem. Other work (Moller 1966) had 
recommended a medium such as VMGA II. However this is not a normal part of root 
canal treatment and could concievably result in an altered treatment outcome: 
prereduced PBS was therefore adopted for this role.
Cultivation of the samples in the laboratory followed conventional tried and 
tested procedures (described in Chapter 2) using rich, non-selective solid media 
(Wilson et al. 1997). They were incubated under aerobic and strict anaerobic 
conditions, although the initial processing was performed on the bench-top and may 
have resulted in the loss of some strict anaerobes (Sundqvist 1976, Ando & 
Hoshino 1990). The initial strategy was to select colonies from the primary plates 
based on colony morphotypes (Pan et al. 2001). All morphotypes would be 
represented in the selection and several colonies of each type would be collected to 
account for different species with similar colony morphotypes. In most cases, 
however, only a small number of colonies had grown on the primary culture and 
therefore all were selected. The issue of randomised selection of a sample of
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colonies did not therefore arise. A quantitative determination of the isolates was not 
performed and therefore species richness, as opposed to diversity, was quantified.
Loss of isolates during subculturing to purity is well recognised (Hirai et al. 1991, 
Akkermans et al. 1994) and was a problem that could not be fully overcome. Many 
studies have reported such loss of isolates (Brown & Rudolph 1957, Shovelton & 
Sidaway 1960, Engstrom & Frostell 1961, Sulitzeanu et al. 1964, Kantz & Henry 
1974, Wittgow & Sabiston 1975, Sundqvist 1976, Hirai etal. 1991, Sato etal. 1993) 
as they were unable to survive without the continued interaction from their 
counterpart bacteria. One way to provide such interaction is to cross-streak the 
plate with the interacting species, but unfortunately this was not universally 
successful. The number of isolates from the root canal system that had obvious 
interactions was large (Sundqvist 1992a) and many subcultures were often required 
to achieve purity. In some cases, it was not clear whether the isolates were pure or 
composed of two or more colony morphotypes; it was found that these did not 
represent contaminants but were different strain variants (rough and smooth types) 
(Bergey’s Manual 1994). These problems are discussed further in Chapter 8.
A number of isolates formed minute, water-droplet-like colonies that were barely 
detectable and grew poorly. Expert advice (personal communication -  M. Wren 
[1996]) suggested incorporation of Tween 80 in the solid cultivation medium as the 
cells resembled Peptostreptococcus micros under Gram stain and preliminary tests. 
However, this did not help, some of these turned out to be Dialister spp. Instead 
several plates were grown to harvest adequate material for use.
Culture purity was checked by Gram staining after every subculture. Those 
giving positive reactions and coccoid cell shapes were ear-marked for the study. 
Where Gram stains were variable and there was doubt about the cell shape, the 
isolates were included in the sample because of potential variability of Gram stain 
and cell morphology amongst the target isolates (Sundqvist 1976, Facklam et al. 
1989, Aguirre etal. 1993, Bergey’s Manual 1994, La Scola & Raoult 1998).
Pure isolates were mostly stored by freezing in BHl/glycerol at -70°C however a 
number of strains in the early part of the experimental work were freeze-dried. 
These were mostly presumptively identified as Peptostreptococcus species on the 
basis of colony morphology, Gram stain and biochemical tests. Their identities were 
also confirmed by a laboratory (M. Wren) using gas chromatography. The majority 
of these isolates were permanently lost (recorded as such in Table 3.5) because the 
freeze-dried samples could not be revived owing to faulty freeze-drying equipment.
Early samples were discarded as trial material (C1-4) because of possible 
errors. In addition, some samples had no growth or were lost during subculture. As
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one of the aims of the study was to analyse the problems of using molecular 
techniques to identify root canal isolates, detailed records of all procedures were 
maintained for future analyses.
An early concern about the molecular work was the potential difficulty in 
extracting bacterial DNA from gram-positive cells for PCR. A number of protocols 
including the conventional phenol/chloroform procedures, addition of detergents, 
lytic enzymes and EDTA were tried, as well as the simple boil preparation method. 
In the final analysis, a commercial DNA extraction kit (Gentra®), which gave a 
specific protocol for gram-positive bacteria, was adopted to standardise results as 
far as possible. Comparison of DNA extraction from fresh and frozen bacterial cells 
showed that the best yield was obtained by extraction from frozen stocks of isolates.
Many trials and errors were incurred in establishing and refining a working 
protocol for PCR under the prevalent laboratory conditions. Various PCR protocols 
were tried during the early stages of the work, including changes in concentrations 
of reagents and cycling parameters. A number of different molecular cloning kits 
were also tried including PMoss Blue® and Topo Cloning® kits.
3.4.2 Discussion of resuits
Pilot studies revealed the variability amongst multiple sequences obtained from the 
same strain, despite using the same primers. It was important to establish a 
threshold for accepting the sequence as suitable for the purpose of identification. An 
S_ab value of 0.7 (RDP, Maidak et al. 2001) was taken as the threshold for 
accepting the sequence for identity. The RDP similarity measure was used for this 
purpose simply because it was the first search method utilised for all isolates. The 
value (0.7) was arbitrarily selected because above this level, the genus identity and 
often the species identity were consistent for multiple sequences from the same 
strain. Where the S_ab value was below this level, it was initially assumed that the 
sequence may be faulty and further sequences were therefore obtained and 
submitted for database match. In the two instances where it was not possible to 
obtain an S_ab value of 0.7, the full 16S rRNA gene sequence was determined.
Although there appears to be no formal consensus, it is accepted that 98% 
rRNA homology is likely to suggest same species (Fox et al. 1992, Munson et al. 
2002); furthermore, taxa with less than 98% sequence similarity should be 
designated to genus level only and those with less than 91% sequence similarity as 
novel genera (Munson et al. 2002). These thresholds were accepted for the present 
study. Variations on this include Stackebrandt & Goebel (1994) who suggested a 
threshold of 97% and Paster et al. (2001) who used a threshold of 99% sequence 
similarity to accept species level identities. The similarity between the final
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submitted sequence and database sequence in this study ranged between 91%- 
99%. Thirty-eight percent of the isolates had identifications with 98% or greater 
homology and the rest had sequence homology between 93% and 97%. Of these, 
25 strains had a sequence homology of 97%. This compares with identification of 
58% of taxa to species level using the same threshold by Munson et al. (2002). If 
the threshold of sequence homology accepted to designate species identity was set 
at 97% as proposed by Stackebrandt and Goebel (1994), the proportion with 
confident identities would rise to 64/102 (63%). Only one isolate had a 91% 
sequence homology (Slackia-like strain). The genus designations of the isolates 
with less than 98% similarity included mainly Slackia, Staphylococcus, 
Streptococcus, Veillonella, Enterococcus, Propionibacterium and Lactobacillus 
strains.
The identities of isolates were given in Table 3.5 together with the percentage 
similarity between submitted and closest database sequence: those with £ 98% 
sequence homology were designated to species level and those with sequence 
homology between 97% and 91% to genus. The latter were designated by the 
closest species match, that is, Streptococcus mitis-Uke given as Streptococcus 
mitis. Paster et al. (2001) investigating the bacterial diversity in human subgingival 
plaque adopted the practice of grouping those clones with less than 99% sequence 
similarity with known species, into clusters that were 99% similar and designated 
them “phylotypes”. In their study, representatives of these clusters were sequenced 
to obtain the full 1500 base sequences. Such a threshold was not used for full 
sequencing in the present study but could have been used to obtain further insight 
into the proximity of the recovered strains to known species. The sequence 
similarity of some may have improved, but judging by those that were fully 
sequenced in this study, the chances are that they could also decrease. The novel 
gene sequences should then be deposited in GenBank.
The majority of the strains represented the phyla Firmicutes and Actinobacteria 
with only a strain each representing Bacteroidetes and Proteobacteria. This is 
consistent with other studies given that selection was restricted to gram-positive 
coccoid morphotypes (Rolph et al. 2001, Munson et al. 2002). The identities were 
mostly expected based on previous studies but a number were previously unknown 
as root canal isolates at the time of identification (Slackia exigua, Dialister 
pneumosintes, Atopobium rimae, Olsenella uli, Pseudoramibacter alactolyticus, 
Micrococcus lylae, Brachybacterium conglomeratum and Enterococcus hirae). 
Slackia exigua (Hashimura et al. 2001), Dialister pneumosintes (Siqueira et al. 
2002b), Atopobium rimae (Munson et al. 2002), Olsenella uli (Munson et al. 2002)
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and Pseudoramibacter alactolyticus (under its previous name of Eubacterium 
alactolyticum) (Sundqvist et al. 1998) have since been reported as present in root 
canals. It was expected that some gram-negative bacteria would be encountered 
given the isolate selection protocol adopted when faced with doubtful Gram stains. 
Those identified were Veillonella species (7 strains), Porphyromonas gingivalis, 
Dialister species (Downes et al. 2001), Acinetobacter Iwoffii and Campylobacter 
rectus. The presence of Lactobacillus species in this study, was at first a surprise, 
however, coccoid morphotypes have previously been reported in this genus 
(Sundqvist 1976, Bystrom & Sundqvist 1983, Facklam etal. 1989, Tannock 1999).
Staphylococcus species maintained a relatively high presence in this study 
(Tables 3.6 and 3.7) (75% of canals sampled) with the recovery of 3 different 
species, although the most common was S. epidermidis. Only four strains of S. 
epidermidis and one of S. hominis were identified with certainty, the others were 
only designated to genus level but were mostly S. epidermidis. Their presence is a 
trend evident in the majority of studies reviewed in Table 3.2 with between 0-3 
species per study. Staphylococcus epidermidis in sample findings has traditionally 
been implicated as a procedural contaminant (Moller 1966, Bergenholtz 1974). For 
example, the prevalence of Staphylococcus albus (and Streptococcus salivarius) 
was used as a measure of contamination from saliva during the investigation of 
2652 root canal cultures (Heithersay & Bjerken 1962). The careful protocols 
adopted (Chapter 2) in this study suggest the strains were true root canal isolates 
rather than procedural contaminants. Some support comes from Sulitzeanu et al. 
(1964) who reported the highest prevalence of gram-positive cocci and correlated 
their cultivation findings with microscopic examination of smears. They considered 
their Staphylococcus strains to be present in the root canal sample smears and 
therefore to be part of the root canal flora. Staphylococcus epidermidis is found in 
the mouth (Moore & Moore 1994b) and in the superficial layers of the pulp when it is 
exposed to the oral environment (Dahlen & Moller 1992). However, it has also been 
recovered from a clinically non-exposed root canal system (Wyman et al. 1978). 
More recently, Johnson et al. (1999) reported the species in 4/13 root canal 
samples and these were not considered procedural contaminants but legitimate 
potential human pathogens.
The frequency of Streptococcus species was high (63%) with the recovery of at 
least 3 different species (S. anginosus, S. intermedius, S. salivarius) and the 
probability of 4 others {<■ 98% homology; S. constellatus, S. mitis, S. sanguinis, S. 
milleri). Streptococcus anginosus was the commonest (Tables 3.6 and 3.7) and 
although its frequency was high compared to some studies, overall the frequencies
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compared well with various studies reviewed in Tables 3.1 and 3.2. Most previous 
studies have reported multiple Streptococcus species: the highest numbers 
recovered were 12 (Gomes et at. 1994), 8 (Gomes et al. 1996a), 7 (Rolph et al. 
2001), 6 (Lana et al. 2001) and 5 (Brauner & Conrads 1995, Weiger et al. 1995, 
Wasfy et al. 1992, Winkler & van Amerongen 1959) species, respectively. The 
extent to which two of the samples (C11 and C13) (Table 3.7) were dominated by 
Streptococcus anginosus accounts for the large number of strains (25/117) 
belonging to this species. Munson et al. (2002) also found one sample dominated 
by this species. As commented earlier, the colonies were either all picked or those 
that appeared different from each other at the outset, allowing for multiple selections 
of the same types. This probablity should be equal for all colony morphotypes and 
suggests that perhaps interaction with other species or canal conditions may have 
resulted in several colony variants allowing for more frequent selection.
It is noteworthy that all the Veillonella strains came from the same sample (C6) 
and a similar explanation may be offered for this species. They too are commonly 
reported in previous studies, the number of species ranging from 1-3 (Table 3.1). 
None were identified to species level.
Slackia exigua has been investigated using specific primers (PCR) by 
Hashimura et al. (2001) who found it in 29-41% of the samples depending on type. 
Its prevalence in this study was just higher than this range at 50%. Only one strain 
was identified to species level, when the 16S rRNA gene was fully sequenced, the 
rest were considered Slackia exigua-like, with sequence homology ranging from 
91%-97%. This recently named species (Wade et al. 1999) has been reported in 
only one other endodontic study (Munson et al. 2002) where it was recovered by 
culture from 5 samples but not detected by 16S rRNA gene amplification.
Peptostreptococcus species (8 strains) were found in 2/8 canals but 7 of these 
were recovered from one tooth (C13) (Tables 3.6 and 3.7). Several of these were 
also lost and only identified by conventional means, whilst those that were identified 
by 16S rRNA gene sequencing only achieved 96%-97% homology and were only 
designated with confidence to genus level (Table 3.5). These species are also 
known for their interactions with other bacteria (Sundqvist 1992a, b), which may 
account for their presentation as different colony morphotypes and high recovery 
rate. Both Peptostreptococcus and Peptococcus species have been recovered with 
great frequency in other studies (Tables 3.1 and 3.2). The number of species found 
has ranged from 0-6 per study. The highest numbers were: 6 species -  Yoshida et 
al. (1987), Gomes et al. (1994); 5 species -  Weiger et al. (1995); 4 species -
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Kobayashi et al. (1990), Hashioka et al. (1992) and Lana et al. (2001). The species 
frequently dominate root canal infections in abundance.
Propionibacterium species (7 strains) were found in 4/8 canals and several 
strains were recovered from one of the teeth (C10). Three of these strains were only 
identified by conventional means and subsequently lost. Of those that were 
identified by 16S rRNA gene homology, one was identified to species level and the 
others to 95% and 96% similarity to P. acnes (Table 3.5). This species has been 
reported over the last 10 years and the number of species ranges from 0-7 
(Hashioka et al. 1992, Wasfy et al. 1992, Gomes et al. 1994, 1996a, Brauner & 
Conrads 1995, Weiger etal. 1995, Le Goff et al. 1997, Lana etal. 2001, Rolph etal.
2001).
Dialister species (4 strains) were found in 3/8 teeth and 2 strains were identified 
to species level (Dialister pneumosintes, 99% sequence homology). One strain was 
identified as related to this species with 94% sequence homology and another 
designated as Dialister sp. with 99% sequence homology (P58). After the recent 
proposal of a new species, Dialister invisus (Downes et al. 2003), the sequence for 
strain P58 was re-submitted through BLAST and was given the new designation. It 
was not reported as such in Table 3.5 because it would have been inappropriate to 
do so without the re-submission of all the other sequences to detect time-related 
changes; all sequences were originally submitted during January to July 2000. 
Dialister spp. have not been reported widely before (Rolph et al. 2001, Siqueira et 
al. 2002b, Munson et al. 2002) but they have been implicated as an important 
pathogen in periodontal disease (Contreras et al. 2000, Ghayoumi et al. 2002).
It was evident that two or more species belonging to the same genus were often 
present in the same root canal (Table 3.7), probably because their common 
properties suited the canal conditions. Examples included: Staphylococcus 
hominis and S. epidermidis in C5; and Micrococcus luteus and M. lylae in C9. 
The same could be said of other cases, assuming their species designations to be 
accurate: examples included, Olsenella profusa and O. uli in C7; Enterococcus 
faecium and E. hirae in C11; Streptococcus anginosus and S. sanguinis in C10; 
and S. anginosus, S. intermedius, S. salivarius and S. mitis in C13.
The distribution of gram-positive coccoid morphotypes in individual root canal 
samples (where all were selected) was presented in Table 3.7. The numbers of 
gram-positive genera and species (assuming species designations to be correct for 
all) is almost equivalent to those reported for all species in the later studies: Sato et 
al. (1993) 3-10 genera; Brauner & Conrads (1995) 4-8 species; Weiger et al. 
(1995) 1-16 genera; Gomes etal. (1996a) 1-9 species; and Lana etal. (2001) 1-11
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species. That is, if the samples in the present study were dominated by gram- 
positive coccoid morphotypes then the values would be consistent. However not all 
root canal systems are dominated by gram-positive bacteria to this degree, in fact it 
is reported that they may be in equal proportions by some (Sundqvist 1992b). It is 
therefore possible that the numbers reported here (Table 3.8) extend the range of 
gram-positive coccoid morphotypes and possibly the flora in general per canal 
system. A definitive judgement about the latter is impossible without the balance of 
the gram-negative bacteria and definitive identification of all strains to species level. 
If only those strains with 98% homology are considered, the mean (2.6) and range 
(1-4) are low, but given that the the genus designations were confirmed, there must 
be at least as many species as genera. Some idea of the true proportions may be 
gleaned from Munson et al. (2002) who found 20.2 taxa per sample using both 
cultivable and molecular approaches. They found that the microflora was dominated 
by anaerobes, particularly gram-positive taxa of the phylum Firmicutes, followed by 
Actinobacteria and Bacteroidetes. The gram-negative component was relatively 
small, in agreement with the Japanese studies (Ando & Hoshino 1990, Hoshino et 
al. 1992, Sato et al. 1993) but in contrast to Sundqvist’s work (1976). Kumar et al. 
(2002) also reported domination by the gram-positive bacteria in a cultural and 
molecular study on a single tooth in our laboratory. Some authors using molecular 
and cultural analyses (Paster et al. 2001, Munson et al. 2002) have performed a 
statistical estimate of the undetected bacteria using different approaches (Colwell 
1997, Boneh et al. 1998): the latter estimated over 80 taxa for root canal samples.
Although it was possible to successfully extract bacterial DNA at the first attempt 
for the majority of isolates (86%), the rest required a second attempt. The DNA yield 
could be predicted from the cell pellet, the difficulty arose in the smaller proportion 
of cases where this was not so. The presence of high quantities of extra-cellular 
polysaccharide in the harvested material may be a predictor of such difficulty but 
other than the species involved, no other predictors were found.
The strains requiring two attempts at DNA extraction most often were two 
Streptococcus species (S. anginosus & S. constellatus) and Slackia exigua. Other 
strains posing difficulties were Acinetobacter Iwoffii, Atopobium rimae, Dialister 
pneumosintes, Micrococcus lylae, Olsenella profusa and Pseudoramibacter 
alactolyticus. To solve the problem, various strategies were combined including 
harvesting more cells where cell pellet size was small as well as collecting the cells 
earlier in log phase as they are more susceptible to breakage (Johnson 1991). 
Furthermore, the stage of DNA extraction at which cell debris and polysaccharides 
are removed was repeated. Hashimura et al. (2001) did not appear to have
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difficulties with extraction of DNA from Slackia; they used the InstaGene kit (BioRad, 
USA) to achieve it. The clear inference of this predilection for differential DNA 
extraction is that analysis of a mixed microbial community would be biased during 
this aspect of the procedure. Generally gram-negative bacteria are not difficult to 
extract DNA from, as witnessed by the absence of a specific protocol for such cells. 
Measures to eliminate bias should incorporate the most effective DNA extraction 
protocol for the hardy bacterial cells as long as this does not damage the DNA from 
the other bacteria, particularly gram-negative species.
It was interesting that the electrophoresed DNA bore a characteristic pattern. It 
was either well confined to a tight band or exhibited various degrees of degradation. 
Initially it was assumed that differences evident were due to variations in sample 
handling but even after strict observation of procedures, repeating the protocols 
yielded the same characteristic pattern. The strains showing such patterns included; 
Micrococcus spp., Streptococcus anginosus and Streptococcus constellatus. It is 
possible that these patterns are a function of degradation caused by nucleases 
released during cell rupture that are not adequately restricted at an early enough 
stage. It may be that this is a species-dependent phenomenon, with some variation 
among strains.
In all, a total of 564 PCRs were performed using DNA template from 102 strains. 
For each strain, at least 3 reactions were carried out, one at each DNA dilution, 
namely 10°, 10"1, 10“2, therefore making 188 sets of three reactions. Of the 564 
reactions, 290 (51%) were positive but since only one of the three dilutions was 
required to yield a positive reaction for the “PCR run” to be deemed successful, in 
effect 168/188 (89%) were positive. However this value overscores the success of 
the reactions because it includes amplicon bands graded “weak” as well as “strong". 
In fact, only 57% of the 168 sets of reactions were graded good or strong. This 
closely approximates the 61% of the strain templates that produced suitable 
amplicons for sequencing, at the first attempt (Table 3.10). The others required 2 
(14%), 3 (14%), 4 (4%) or more than 5 attempts (7%) to achieve the same. The 
species requiring more than 4 attempts were Slackia exigua, Streptococcus 
constellatus, Porphyromonas gingivalis, Pseudoramibacter alactolyticus and 
Staphylococcus warned. The other “difficult” strains are listed in Table 3.11 and 
include Dialister; Enterococcus, Lactobacillus, Micrococcus, Olsenella, 
Staphylococcus and Streptococcus species. It is interesting that Hashimura et al. 
(2001) who designed their own specific primers for Slackia exigua based on the full 
sequence did not have difficulties with detetection of this species. In contrast, 
Munson et al. (2002) who used universal primers did not identify the species by
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molecular approaches but found only one isolate by cultivation from five samples. 
The latter workers clearly recognise the unpredictable nature of PCR as they 
performed 5 replicate amplifications for each template. They also recovered 19 taxa 
by culture that were not detected by PCR and attributed it to primer bias (Polz & 
Cavanaugh 1998).
The 10'1 DNA dilutions produced the best yield in terms of positive PCR 
reactions at 62%, 10° and 10~2 gave yields of 45% and 48%, respectively. The 
relationship between various DNA dilution(s) and quality of PCR band is given in 
Table 3.9. A higher proportion of PCR products were graded weak-moderate (54%) 
when only one of the dilutions was positive. However, a higher proportion of PCRs 
were graded good-strong when more than one dilution gave a positive reaction. 
This suggests that concentration of DNA was not the only factor to influence PCR 
outcome. When PCR yielded a good amplicon band, there was a higher chance that 
more than two dilutions would give good products. It has been suggested that humic 
acids (in the case of soil) or other factors co-extracted with DNA may inhibit the 
PCR reaction. In the case of root canal samples, degradation products from the 
pulp, extracellular polysaccaride or wall components of bacteria may act as 
inhibitors. Dilution of DNA as a means of diluting the inhibitors on the other hand is 
not recommended because it may influence PCR efficiency (Wintzingerode et al. 
1997). In this study, however, dilution of the DNA was an effective strategy.
It is not possible to comment on the relative efficacy of different primer pairs as 
no direct comparison was made. The 27f/1492r primers were used as the set of 
choice for all strains initially. If no product was obtained even after repeat PCR, then 
a second set of primers was tried. The first primer set (27f/1492r) was effective in 
the majority of cases. Where it failed, the sets 27f/1392r, 357f/1392r and 357f/1392r 
(with Q solution) were tried. The number of times that they were used and their 
results were given in Table 3.12. There was variable success for these. The Q 
solution, which is designed to help obtain positive PCR reactions in difficult cases, 
gave a positive result for 7 strains of Slackia exigua, Porphyromonas gingivalis 
and Streptococcus constellatus. It may work by facilitating primer annealing by 
providing better stereometric orientation of the involved sites by modifying 
secondary structure and providing optimal pH conditions.
It has been suggested that the utility of the primers adopted in this study is 
exceeded by that of newly designed and evaluated primers (63f/1387r) (Marchesi et 
al. 1998) but the same group used universal primers 27f/1525r for initial 
amplification and sequencing primers 519r and 357f in a recent study (Munson et al.
2002). Others have suggested two degenerate 16S rRNA gene sequencing primers,
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785f/1195r, giving a 411 bp amplicon (Boye et al. 1999). It appears to be accepted 
that the first 527 bp of the 16S rRNA gene are the most informative for identifying an 
organism because it contains several variable regions (Paster et al. 2001) and is 
able to provide identical genus information compared to full 16S rRNA gene 
sequences (Tang etal. 1998). Ludwig etal. (1998) have specified the discriminating 
region even more specifically to the 60-110 bp (6th helical element) in the 5' 
terminal part region of the 16S gene. The inference is that for most purposes the 
primers used in this study were more than adequate but that for proper community 
structure analyses the use of different primer sets is more likely to capture the 
broadest spectrum of phylogenetic groups (Paster et al. 2001, Rolph et al. 2001).
The strains for which no useful PCR product was obtained, included P41 
{Porphyromonas gingivalis), P42 (Streptococcus constellatus) and 178 
(Olsenella profusa). They all gave multiple bands, which were cut out from a gel, 
purified and cloned before identification by sequencing.
The accepted PCR product was used to generate a single-stranded nucleotide 
sequence using a “sequencing reaction”. This involved PCR amplification with a 
single primer, 27f to obtain the first 500 bp. This was not always successful and 
multiple sequencing reactions were required, sometimes with other primers (Tables
3.13 and 3.14). The 27f primer was most frequently used (100%) followed by 357f 
(12%), 1392r (9%) and 907r (1%). The choice of sequencing primer also changes 
the frame of reference for the database search, since many of the original 16S 
rRNA sequences probably commenced with the 27f primer. Sequences submitted 
later may have commenced further along the gene with other primers and therefore 
may give a different chance of successful identification or similarity match.
The 16S rRNA genes of two strains (2%) (P43 and P58) were fully sequenced 
using a set of 11 primers each that would give overlapping sequences to achieve 
triple coverage of every base. Only 7 of the 11 were useable (because some of the 
sequences were poor) for P43, giving two contiguous consensus sequences. One of 
these (762 bp) gave an identification of Slackia exigua. The poor sequences were 
due to a high number of “Ns” localised to a discrete length of the 16S rRNA gene, 
giving the appearance of a mixed sequence in this site. This may be a function of 
variation in this site between multiple operons or because secondary structure of the 
DNA caused difficulty in binding of the enzyme. For P58, 10 out of the 11 
sequences were useable and gave a single contiguous consensus sequence (1526 
bp) with an identity of Dialister sp.
The 16S rRNA genes of the strains P25 (Streptococcus anginosus), P64 
{Slackia exigua), P65 {Staphylococcus epidermidis), P66 {Slackia exigua) and
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P71 (Slackia exigua) gave sequence matches of only 91%-93% and could be novel 
taxa. Using sequence homology (98%) as the threshold rather than the S_ab value 
of 0.7, the 16S rRNA genes of these strains should be fully sequenced.
The genera presenting greatest difficulty in identification by 16S gene 
sequencing were Streptococcus and Veillonella. Others included Olsenella, 
Dialister, Atopobium, Staphylococcus, Eubacterium, Gemella, Enterococcus, 
Porphyromonas and Slackia. It may be that for some genera (Streptococcus, 
Staphylococcus), despite good sequence match, the 16S rRNA gene may not 
adequately discriminate related species and other genes would have to be used 
(Munson et al. 2002).
The “quality” of sequence submitted for identification was in general excellent 
and could not account for problems encountered. The mean length of each 
sequence was 423 bp, although the length matched for identification by the 
database was generally shorter (Table 3.5). Seventy-two percent of the sequences 
had no “Ns” and 19% had only 1 or 2 “Ns” per sequence. Repeat (peaks) counts 
were evident in only 5% and involved no more than 50 terminal bases. The quality 
of sequence is rarely alluded to but not defined (Turenne et al. 2001); an attempt 
was therefore made to quantify sequence quality in this study, although it is 
sometimes regarded that this can only be judged by manual sequence alignment.
A total of 188 sequences was analysed and submitted for identification through 
two search methods (RDP & BLAST). The outcome of the search is dependent 
upon two main and numerous subsidiary factors. The first to consider is database 
redundancy and its extent. The database may contain many copies of the same 
sequence (independently sequenced by different groups) or they may be closely 
related sequences. The quality of the sequences too may be variable given the 
advances in sequencing techniques and the length of time that many databases 
have been in existence. The problems may extend to base errors, ambiguous base 
designation, and incomplete sequences (Turenne et al. 2001). The databases 
should ideally be maintained by reduction of redundancy but this is an expensive 
and time-consuming exercise (Burks 1997). The second factor of importance is the 
search strategy employed by the search method in locating the closest matching 
sequence. This is determined by the nature of the alignment sought (definition and 
measure of quality of alignment used), the manner in which the optimal alignment is 
found (the algorithm used) and the probability of finding the alignment by chance 
(statistics). The approaches are divided into global and local algorithms that, in turn, 
are subdivided into pairwise (two sequences) and multiple (more than two
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sequences). Database search strategies are divided into: (1) parallel architectures; 
(2) heuristic algorithms; and (3) vector-based comparison methods (Altschul 1997).
The RDP-II programme (Release 8.0, 1st June 2000) accessed databases 
containing 16,277 prokaryotic small subunit rRNA sequences in aligned form with 
-75% of them longer than 899 bp. In addition, more than 10,000 sequences form 
the unaligned data bringing the total number to more than 30,000. These sequences 
are drawn from repositories such as GenBank, EMBL data library and DDJB 
(Database of Japan) (Maidak et al. 2001). After submission of the sequence to RDP 
II, it is broken down into 7-oligomers, each of which is translated into a unique 
integer (0-47-1): only Watson-Crick base symbols are used, all others are ignored. 
These are compared to a one-dimensional table with zero-terminated runs of 
integers, each of which corresponds to a given RDP II sequence. The outcome of 
sequence comparison is given by the number of oligomers shared between 
submitted and RDP sequence divided by the lowest number of unique oligos in 
either of the sequences (S_ab)
(http://www.cme.msu.edu/rdp/docs/sea match doc.html).
Altschul etal. (1990) devised a rapid sequence comparison method, Basic Local 
Alignment Search Tool (BLAST) that directly approximates alignments. It optimises 
a measure of local similarity, the maximal segment pair (MSP) score. Its advantages 
are flexibility, mathematical tractability, and speed without loss of sensitivity. It uses 
a heuristic search algorithm that seeks local as opposed to global alignments and is 
therefore able to detect relationships among sequences that share only isolated 
regions of similarity. The outcomes of sequence match are defined in different 
terms: match (highest score pairs) and “expect” values that enable real matches to 
be distinguished from random background hits. The raw score “S” of the alignment 
is calculated by summing the scores for each letter-to-letter and letter-to-null 
position in the alignment. The “bit score” is calculated by normalising the raw score 
by the scoring matrices: bit scores from different alignments employing different 
scoring matrices are therefore comparable. The higher the score, the better the 
alignment but the significance of the score cannot be deduced from the score alone. 
Local alignments with no gaps are referred to as High Scoring Pairs (HSP). For 
gapped alignments, the significance of a given alignment (“S”) is given by the “E” 
(expect) value, which also reflects the size of the database and the scoring system 
in use (http://www.ncbi.nlm.nih.gov/Education/BLASTinfo/Blast_output.html).
The identifications given by BLAST search in this study appeared to be more 
reliable than those given by RDP II with a greater frequency of positive 
identification. Of the 164 sequences, 33 (20%) were given different identifications by
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the two search methods. This amounted to different identifications for 27 of the 102 
strains (26%). Of these 18 were misidentified by species designation and 9 by the 
genus designation.
The influence of database selection on species designation was evaluated by 
Turenne et al. (2001): they compared the identities of 121 Type culture strains of 92 
species of mycobacteria by 16S rRNA gene sequence and submission to RDP II, 
BLAST and RIDOM (Ribosomal Differentiation of Medical Microorganisms) 
programmes. Over 1400 bp of the gene were aligned in BLAST and RDP-II but only 
E. coli bp 54-510 were analysed in RIDOM. They devised an index to compare the 
outcomes, given their different outputs. All the sequences were correctly identified 
by RIDOM with 100% similarity. In contrast, only 23% of BLAST and 25% of RDP 
sequences had perfect matches. Blast did not give the top score in sequence match 
for 29% and RDP for 24% of the sequences, despite the presence of the species in 
the database. Although BLAST and RDP acquire their sequences from the same 
database, differences arise because BLAST searches against all available 
sequences, whereas RDP acquires only select GenBank sequences. This may 
explain the findings in the present study. A way of overcoming this problem may be 
to enable the query database to access all sequence databases for comparison 
(Burks 1997).
The problem of species demarcation, that is, where the line should be drawn to 
separate one group from another may be aided by phylogenetic reconstruction or 
the use of dendrograms. Indeed Sundqvist (1976) used just such an approach but 
his interest was to place the species he was unable to identify phenetically in 
context with known reference “Type” strains. He was therefore able to infer the 
relatedness of the new species to known species. A similar approach may be used 
to compare the sequence data, each base standing for a feature that may be 
compared. A phylogenetic tree may then be constructed to visualise the relatedness 
of not-yet-cultivated phylotypes to their closest cultivable relations. This may allow 
inferences to be drawn about physiological properties (Paster et al. 2001). In 
addition, the sequence data from Type strains could be used to compare with 
known species, however in this case the (full gene) sequences of Type strains may 
not be close to their related species or may not be available. It was therefore 
decided to compare with full sequences from the most closely related species to 
those identified in this study. The use of partial sequences for phylogenetic analyses 
has been cautioned against (Ludwig & Schleifer 1994, Paster etal. 2001). Since the 
majority of strains in this study were analysed by partial sequence analysis, it was 
considered useful to compare the partial sequence data with aligned sequences
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whose full sequences were known. This was achieved by down-loading the full 
sequences for the closest matching species (“S”) from BLAST searched databases. 
Phylogenetic trees were reconstructed using the full sequences as well as 
sequentially truncated aligned sequences to judge the impact of partial sequences 
(figures not shown). As expected the main difference was that the number of 
differences decreased, mostly in proportionate measure to give shallower root 
branch lengths; since most variable regions are contained in the first 527 bp (Tang 
et al. 1998) and the primer 27f was used for most strains. More importantly, only a 
few of the species (10%) changed the position of their clustering significantly. In the 
second phase of this exercise, the best sequences for each of the strains identified 
in this study were aligned with appropriate ”S” sequences under separate 
phylogenetic groups (Figures 3.1-3.3). These showed that the majority of strains 
clustered with their “S” counterparts and like-strains clustered with like strains 
although there were some exceptions. The possible reason for separate clustering 
was investigated by analysing the involved aligned sequences. The separate 
clustering was either due to gaps introduced to achieve alignments or because of 
differences in bases. It is held by some that insertions and deletions of bases should 
be removed prior to phylogenetic analysis. Paster et al. (2001) accepted only those 
sequence positions for which 90% of the strains had data. This is not universally 
accepted as insertions and deletions are also part of the evolutionary change for 
which the phylogenetic analysis is putatively searching. In this study only the tops 
and tails of the aligned sequences were edited to ensure maximum parity of data, 
gaps in alignment within the sequence were accepted.
Although 16S rRNA gene sequence determination is regarded as the gold 
standard for bacterial identification, in the case of some genera such data alone is 
insufficient. Other genetic and phenotypic data are also required (Murray et al. 
1990) and should be integrated polyphasically to determine species identification: 
this is dealt with further in Chapter 8.
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3.5 Conclusions
The following conclusions were drawn:
The overall frequency of genera and species amongst the selected isolates and 
in individual samples was consistent with other studies but may be at the higher end 
of the range.
DNA extraction was difficult from some isolates and may be species and strain 
dependent.
The primer set (27f/1492r) was suitable for obtaining PCR products from the 
majority of strains, even though multiple attempts may have been required. Other 
primer combinations (27f/1392r, 357f/1392r, 357f/1392r + Q solution) gave products 
when the first pair did not. In all, 51% of the individual PCR reactions were positive 
and 49% failed, although when considered as 188 sets of 3 reactions (dilutions) per 
strain, the success rate was 89%.
When a “good PCR product” was obtained, it was likely to be so obtained at 
more than one DNA concentration (75%). When PCR gave a weak product it was 
more likely to do so at a single DNA concentration (54%) with the rest failing. The 
dilution factor, 10_1, gave the highest success rate (62%) for PCRs. Unknown 
factors, other than DNA concentration, influenced PCR yield.
Three strains (Porphyromonas gingivalis-like, Streptococcus constellatus-Wke, 
Olsenella uli-like) only yielded multiple PCR amplicons and DNA had to be extracted 
from a gel, amplified by nested PCR, and then sequenced.
Sometimes poor sequences were obtained at the “sequencing reaction” stage 
and primers other than 27f (357f, 1392r) were more successful.
The 16S rRNA genes of 2 strains (P43, P58) were fully sequenced because their 
partial sequences did not meet the selected study threshold S_ab value (0.7) for 
acceptable sequence.
Identification of sequences using the BLAST search was deemed more reliable 
than using the RDP II search: different “closest matches” (identities) were obtained 
for 26% of the strains.
Thirty-eight percent of the isolates were identified with a sequence homology of 
98% or greater, whilst the rest had homology levels ranging from 93%-97%, with 
one exception (91%); Setting the threshold of species acceptance at 97% sequence 
homology would give species level identity for 63% of the strains.
The strains most commonly identified with lower sequence similarities included 
the genera Slackia, Staphylococcus, Streptococcus, Veillonella, Enterococcus, 
Propionibacterium and Lactobacillus.
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Phylogenetic analysis of the strains using known down-loaded full 16S rRNA 
sequences (“S”) showed that the majority clustered with the known species. 
However a few outliers will require further investigation to determine their 
uniqueness.
Identification by partial sequencing of the 16S rRNA gene can be influenced by 
DNA extraction, primer pair selection, PCR reaction, sequencing reaction (choice of 
primer), choice of database search method to which sequence is submitted, and the 
strain.
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Chapter 4
Identification of isolates from root-treated teeth with 
periapical disease by 16S rRNA gene sequence
4.1 Introduction
Periapical disease is treated by a series of procedures termed root canal treatment. 
It consists of obtaining access to the pulp chamber under aseptic conditions, 
followed by mechanical preparation of the radicular access, irrigation of the root 
canal system using an antiseptic solution and its dressing with an antibacterial agent 
(usually sealed in the canal system over a period of time) to kill residual bacteria and 
to prevent them from recolonising the root canal system (Gulabivala 1995). 
Sometimes a culture sample is taken from the radicular access after chemo- 
mechanical debridement to check the efficacy of the procedure. The access is 
sealed and the tooth left for a period of at least one week. At the next appointment 
(when the result of the culture test is available), the tooth is re-entered under similar 
aseptic conditions and the canal system reirrigated to remove the antibacterial 
dressing and any residual bacteria. If all obvious clinical signs and symptoms of 
disease have subsided and the culture test is negative, then the root canal system is 
considered ready for root-filling. The purpose of the root-filling is to obturate the root 
canal system with an inert material (usually gutta-percha and a sealer) to seal off the 
periapical tissues from the canal system and in turn from the oral environment 
(Gulabivala 1995). The permanent restoration of the access cavity or the permanent 
tooth restoration forms the definitive coronal seal preventing reinfection of the root 
canal system.
The culture test during root canal treatment has fallen out of favour in 
contemporary practice for a variety of reasons (Morse 1971, Sims 1973, Frank et al. 
1978, Molander et al. 1996a, b). The issue though remains controversial and there 
are some who still practice it. The outcome measures at the end of root canal 
treatment are the absence of clinical signs and symptoms of persistent periapical 
disease and the radiographic appearance of the root-filling (its shape and 
homogeneity). The definitive outcome measure, however, is periapical healing, 
since the treatment is aimed at resolution of the periapical tissues. This can take 
anything up to 4 years or longer (Strindberg 1956) and is measured by sequential 
radiographs, which follow the diminution in the size of the periapical radiolucency 
until normal architecture is restored.
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4.1.1 Diversity or species richness of the residual intra-radicular
bacterial flora associated with root canal treatment procedures
Numerous studies have evaluated the effect of different stages of root canal 
treatment on the initial bacterial flora. Some studies have merely reported positive 
culture results whereas others have speciated and quantified the bacterial flora 
before and after various stages of treatment. Accepting the differences in 
methodologies as limitations for direct comparison, it was still possible to discern 
some trends.
The radicular access preparation using water or saline as the irrigant appears to 
reduce the bacterial flora with achievement of negative cultures in 25% of cases 
(range 4.6%-53%) (Nicholls 1962, Grahnen & Krasse 1963, Bystrom & Sundqvist 
1981, 0rstavik et al. 1991, Dalton etal. 1998). If canal preparation is supplemented 
by sodium hypochlorite irrigation (concentration range 0.5%-5.0%) the frequency of 
negative cultures is increased to 73% (range 25%-98%) (Cvek et al. 1976, Bystrom 
& Sundqvist 1981, 1983, 1985, Sjogren & Sundqvist 1987, Yared & Bou Dagher 
1994, Gomes et al. 1996b).
The majority of studies have reported culture reversals during the inter­
appointment period without the aid of further active antibacterial dressing in between 
appointments. The reversals were attributed to regrowth of residual bacteria or 
recontamination by bacterial leakage around the access cavity dressing (Stewart et 
al. 1961, Myers etal. 1969, Bence etal. 1973, Tsatsas etal. 1974).
Mechanical preparation, sodium hypochlorite irrigation and the addition of 
ultrasonic activation can reduce the number of bacteria from an initial range of 102-  
108 cells to 102—103 cells after initial debridement (Bystrom & Sundqvist 1981, 1983, 
1985, Bystrom et al. 1985, Sjogren & Sundqvist 1987). These may be reduced 
further, sometimes to no recoverable cells after inter-appointment dressing with 
calcium hydroxide (Bystrom et al. 1985, Reit & Dahlen 1988, Sjogren et al. 1991, 
0rstavik etal. 1991, Yared & Bou Dahger 1994).
A number of studies have concluded that the collective antibacterial action 
during root canal treatment did not give rise to the persistence of particular species 
in the later visits. They therefore concluded that specific bacteria were not implicated 
in persistent infections (Olgart 1969, Cvek et al. 1976, Bystrom & Sundqvist 1981, 
Gomes etal. 1996b).
In contrast, analysis of the identities of those bacteria surviving the initial canal 
preparation procedures gives a different impression. A number of species are 
commonly found and include; Enterococcus species, Streptococcus species, 
Staphylococcus species, Lactobacillus species, Propionibacterium species,
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Actinomyces species, yeasts and other gram-positive bacteria (Bystrom et al. 1985, 
Sjogren & Sundqvist 1987, Reit & Dahlen 1988, Molander et al. 1990, Sjogren et al. 
1991, Reit et al. 1999, Peters et al. 2002). This suggests that they may be more 
resistant to treatment protocols, contrary to the previous view.
It would be reasonable to conclude that even though most longitudinal studies of
the root canal flora do not definitively show resistance of particular species, there is
strong inference from other studies that gram-positive bacteria are found with an
unexpectedly high frequency in the post-treatment cultures.
4.1.2 Influence of the culture test result and persistent species on 
outcome of root canal treatment
The reasons cited for abandoning the culture test during root canal treatment as a 
redundant and unhelpful measure are an interesting mix of common sense and 
irrational bias (Engstrom & Frostell 1964, Mikkelsen & Theilade 1969, Oliet & Sorin 
1969, Morse 1971, Sims 1973, Frank et al. 1978, Molander et al. 1996a, b). A 
review of the studies shows the overwhelming effect of a pre-obturation negative 
culture result on treatment outcome, with a mean of 12% (range 0-26%) higher 
success rate (Bender etal. 1964, Engstrom etal. 1964, Oliet & Sorin 1969, Heling & 
Shapira 1978).
Some studies identified the persistent bacteria (Enterococcus, Streptococcus, 
Staphylococcus, Lactobacillus, Veillonella, Pseudomonas, Fusobacterium species, 
yeasts) but were unable to establish their relationship to treatment outcome (Fox & 
Issenberg 1967, Heintz et al. 1975, Stobberingh & Eggink 1982, Sjogren et al. 
1997). It prompted the suggestion that the relationship between numbers of bacteria 
and treatment outcome might explain the association (Eggink 1982). In contrast, 
other studies did find a relationship between specific bacteria and treatment failure 
(Frostell 1963, Engstrom et al. 1964, Sundqvist et al. 1998). Whereas the overall 
failure rate for the cases with positive cultures in these studies was 31%-67%, that 
for teeth with Enterococcus species was 55%-66% and for teeth with Streptococcus 
species was 90%. Those without cultivable bacteria had a failure rate of 20%. This 
relationship though is better described as an association, than definitive cause and 
effect.
In conclusion, regardless of the technique used for obtaining a culture, a 
negative culture result before obturation has a significant impact on treatment 
outcome (Oliet & Sorin 1969). The outcome is even worse when a positive culture 
combines with the presence of a periapical lesion. The association of specific 
species with treatment failure appears tenuous but the identity of the cluster of 
species isolated from positive cultures is relatively constant and may hold answers
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to treatment resistance and failure. It is important, however, to account for other 
factors influencing root canal treatment outcome (Bender et al. 1964).
4.1.3 Other factors affecting outcome of root canal treatment
The factors identified as having a major impact on treatment outcome were: 
presence and size of periapical lesion; apical extent of root canal treatment in 
relation to radiographic apex; outcome of culture test; quality of root canal treatment 
judged by radiographic appearance of root-filling; and the quality of the final coronal 
restoration. The factors identified as having minimal effect on root canal treatment 
outcome were: age and gender of patient; their general health; and the treatment 
technique (Lewsey et al. 2001). Interestingly, the success rates have not improved 
over the last century despite improvements in the biomechanical aspects of root 
canal treatment.
It is notable that all the factors having a strong influence on treatment outcome 
are associated in some way to root canal infection. Further improvements in root 
canal treatment outcomes may therefore be obtained by understanding the nature of 
the root canal infection and the manner in which the microflora is altered by 
treatment.
4.1.4 Diversity or species richness of the root canal flora associated 
with failed root canal treatment
The bacterial flora in root-treated teeth with persistent periapical disease has been 
evaluated in a number of studies, which were reviewed systematically. The gram- 
positive species found in these studies are presented below in Tables 4.1 (obligate 
anaerobes) and 4.2 (facultative anaerobes and aerobes).
Details of previous treatment on the teeth under study were given in some 
studies (Gomes et al. 1996b, Sundqvist et al. 1998) but the majority failed to provide 
such information. The most important problem facing the authors of these studies 
was the retrieval of samples from root canal systems obturated with root-filling 
material, without biasing the bacterial flora. Sample retrieval is relatively 
straightforward in extracted teeth but In vivo sampling is problematic. Retreatment of 
failed root canal treatment first requires removal of the root-filling. This is usually 
achieved with specific types of mechanical instruments that may generate heat in 
the process and therefore potentially kill remaining bacteria. The alternative is to use 
solvents (such as chloroform, xylene, halothane) to dissolve the gutta-percha and 
sealer but they too may kill remaining bacteria. The negative impact of using 
chloroform on recovery of bacteria has been demonstrated by Molander et al. 
(1998); they found that 78% of the canals were positive for bacteria when chloroform 
was not used but only 48% were positive with its use. Once the root-filling material
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has been completely removed, the canal is ready for sampling using previously 
described techniques.
Reporting the use of chloroform in root-filling removal is quite inconsistent 
amongst the studies: some have not mentioned its use (Moller 1966, Gomes et al. 
1996b, Kalfas et al. 2001, Hashimura et al. 2001); others defined the cases in which 
it was used (Engstrom 1964, Molander et al. 1998, Egan et al. 2002); and yet others 
staied that it was not used (Sundqvist et al. 1998, Peciuliene et al. 2000, 2001, 
Hancock et al. 2001, Cheung & Ho 2001, Pinheiro et al. 2003a). In some studies, 
chloroform was unnecessary because the treatment-resistant cases had not yet 
been root-filled (Siren et al. 1997, Waltimo et al. 1997). Alternative approaches to 
removal of root-filling material have included use of rotary mechanical 
instrumentation (Rolph et al. 2001, Pinheiro et al. 2003a) or in vitro sampling from 
extracted teeth (Fukushima etal. 1990).
Most studies, used standard isolation and decontamination procedures, 
however, the details were not always reported. The effect of sampling by paper 
points or files was tested but little difference was found between the isolates 
recovered (Hancock et al. 2001).
The methods of identification varied from conventional cultivation to molecular 
approaches, although only one study employed PCR, molecular cloning and partial 
sequencing for identification (Rolph et al. 2001). The conventional cultivation 
techniques have employed a range of selective and rich undefined media and also a 
range of different approaches to identification, some opting for commercial kits, 
whilst others used standard laboratory procedures.
The findings depicted in Tables 4.1 and 4.2, clearly show a different profile of 
bacterial dominance compared to that in the untreated tooth studies (Tables 3.1 and 
3.2). The flora was dominated by gram-positive bacteria, many of which were 
facultative anaerobes and coccoid in form. The most frequently identified species 
was Enterococcus faecalis, although some studies failed to identify it. Other 
dominating species were; Propionibacterium species, Streptococcus species, 
Lactobacillus species, yeasts and Peptostreptococcus species. The latter is 
surprising considering how easily it was eliminated during treatment in studies on 
untreated teeth.
The bacterial species recovered from root-treated teeth usually reside in 
accessory canals or alongside the root-filling and appear to be a subset of those 
found in untreated teeth, though the diversity is much reduced. Fukushima et al. 
(1990), whose sampling protocol is unlikely to have influenced the bacteria 
recovered (samples obtained from sectioned, extracted teeth), found gram-positive
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bacteria with coccoid forms dominant in 3 cases. The recovered bacteria included 
Eubacterium, Lactobacillus, Propionibacterium, Actinomyces, Peptostreptococcus, 
Streptococcus, Bacteroides, Fusobacterium, Selenomonas and Veillonella species. 
The gram-positive species were also recovered in other studies. Interestingly 
though, only 52% yielded mixed cultures, whilst 10% were single-culture infections. 
Other studies too have found a higher frequency of single or two-species infections 
(Siren et al. 1997, Waltimo et al. 1997, Sundqvist et al. 1998, Molander et al. 1998, 
Peciuliene et al. 2000, Hancock et al. 2001). In 90% of the cases there were 1-3 
strains with a mean of 1.7 per tooth (Hancock et al. 2001).
From a sample of 18 root-filled teeth (treated at least 4 years previously) with 
acceptable coronal restorations and persistent periapical disease, Cheung & Ho 
(2001) found that those with poor root-fillings had the highest bacterial counts (103-  
105) with a maximum of 3-6 species per canal, whereas the rest had 1-3 species 
per tooth and 6 had no recoverable bacteria. The dominant species in their study 
was Pseudomonas aeruginosa, they did not find Enterococcus faecalis or 
Actinomyces species.
In a similar but larger sample (60 root-filled teeth) with 75% having coronal 
leakage, the majority of species were gram-positive (83%) and 57% facultative 
species. Consistent with previous studies, 47% had a single species, 13% had 2 
species and 25% had 3 or more species, the latter were usually associated with 
poorly obturated root canals. The most frequent species, E. faecalis, was found in 
35% of the canals (Pinheiro et al. 2003a).
Overall, the flora in root-treated teeth is variable and in poorly treated teeth may 
resemble that in untreated teeth (Sundqvist etal. 1998, Cheung & Ho 2001, Siqueira 
2001, Pinheiro et al. 2003) but in general it is more restricted in species richness 
and cell density. It is also dominated by gram-positive, facultative bacteria, 
particularly Enterococcus faecalis (Siqueira 2001, Pinheiro etal. 2003a). It has been 
suggested that when this species is present in small numbers in the primary 
infection, it is easily eliminated but if it infects in large numbers, it is difficult to 
eradicate (Sundqvist et al. 1998).
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Table 4.1 Summary of gram-positive obligate anaerobes found in various studies on bacterial flora of root-treated teeth
Key for Tables 4.1 and 4.2;
I Indicates this genus was most frequently recovered from different canals in this study.
| Indicates this genus was 2nd most frequently recovered from different canals in this study.
Indicates this genus was 3rd most frequently recovered from different canals in this study.
1 Indicates this genus dominated the canals (rank order). Number in the box indicates no. of species.
2 Indicates this genus was the 2nd most dominant (rank order). Number highlighted in bold indicates it was first identified here.
3 Indicates this genus was the 3rd most dominant (rank order).
? “?” indicates it appears in both obligate and facultative tables as reported in original studies.
STUDY YEAR Gram-positive rods Gram-positive cocci
Actinobacillus Bifidobacterium Clostridium Eubacterium Lactobacillus Propionibacterium Streptococcus Peptostreptococcus
IPeptococcus
Engstrom 1964 - - - - - - - -
Moller 1966 1 - - 1 1 - - 1/1
Fukushima et al. 1990 3 - - 8 6 “ 4 2 3/2
Gomes et al. 1996b - - - 1 - 1 - 1/0
Siren et al. 1997 - - - - - - - 1/0
Waltimo et al. 1997 - - - - - - - 1/0
Sundqvist et al. 1998 1? - - 1 1? 2? 5? 1/0
Molander et al. 1998 - - - 1 1 1 - 1/0
Noda et al. 2000 - - - - 1? 1? - 1/0
Peciuliene et al. 2000 - - - - - - - -
Peciuliene et al. 2001 - - - 1 - - - -
Hancock et al. 2001 - - - 1 - - - 1/0
Cheung & Ho 2001 - - - 1 - - - 3/0
Kalfas et al. 2001 - - - - - - - -
Rolph et al. 2001 1? - - 3 1? 2? 4? 3/0
Pinheiro et al. 2003a 3 1 1 1 1 2 7 4
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Table 4.2 Summary of gram-positive facultative anaerobes and aerobes found in various studies on bacterial flora of root-treated teeth
Study Year Gram-positive rods Gram-positive cocci
Actinobacillus Bacillus Corynebacteria Lactobacillus Propionibacterium Enterococcus Gemellal
Rothia
Micrococcus Staphylococcus Streptococcus
Engstrom 1964 - - - - 1 - - -
Moller 1966 1 1 1 - - 1 2 3
Fukushima et al. 1990 1 6 2 7
Gomes et al. 1996b 1 1 - 1
Siren et al. 1997 1 1 - 1 1 1
Waltimo et al. 1997 Lactococcus - 1 3
Sundqvist et al. 1998 1 ? 1 ? 2 ? 1 5?
Molander et al. 1998 1 1 1 - 1 1 2
Noda et al. 2000 1 1? 1 ? 1 1 3?
Peciuliene et al. 2000 - - - 1 -
Peciuliene et al. 2001 1 - - - 1 -
Hancock et al. 2001 1 1 1 - 2 1
Cheung & Ho 2001 - - 1 1 3
Kalfas et al. 2001 1 - - - - -
Rolph et al. 2001 1 ? - 1 ? 2 ? - 4?
Egan et al. 2002 - - - - - -
Pinheiro et al. 2003a 3 - 1 2 2 1 - 7
122
Chapter 4 -  16S ID of treated isolates
Given the lack of variable susceptibility of the primary root canal flora to 
treatment, in longitudinal studies, it is surprising that certain species are consistently 
found in failed root-treated teeth. It has been hypothesised that other than being 
survivors from the pre-existing infection they may be contaminants introduced during 
treatment (Engstrom 1964, Myers et al. 1969, Siren et al. 1997, Waltimo et al. 
1997), as a result of: (1) inadequate tooth isolation; (2) poor asepsis; (3) leakage of 
the access dressing; or (4) the access cavity being left open for drainage.
4.1.5 Aims
The aims of this chapter were to:
• collect a wide selection of representative gram-positive coccoid morphotypes 
from root-treated teeth with periapical disease;
• identify the isolates by partially sequencing the 16S rRNA gene, where 
necessary complemented by cloning of the PCR amplicons and full gene 
sequencing;
• gain insights into the problems of using this approach to identification by 
analyses of the subsidiary stages of the protocols (DNA yield, DNA dilution, 
PCR primers, PCR yield, choice of sequencing primers, quality of sequence, 
database used for identification);
• evaluate the similarity between isolates recovered from treated teeth using 
phylogenetic tree re-construction to compare partial sequences and further 
to compare the sequences with aligned full sequences of closest matching 
strains (acquired from sequence databases); and
• compare specific “groups” of like-strains from both untreated and root-treated 
teeth for their relatedness.
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4.2 Materials and methods
A total of 78 isolates (gram-positive coccoid morphotypes) were collected from root- 
treated teeth meeting selection criteria and identified by partial sequencing (target 
first 500 bp) of the 16S rRNA gene. The details of the materials, protocols and 
methods were given in Chapter 2. Data pertaining to the stages of the procedures 
were recorded as in Chapter 3 (page 77).
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4.3 Results
The raw data on the procedural aspects of the identification process including DNA 
extraction, PCR, sequencing reactions, quality of sequence, proximity of sequences 
to those of known bacteria based on RDP & BLAST searches of databases and the 
final selected identities, are summarised below.
4.3.1 Clinical and radiographic data
The clinical and radiographic data on the teeth and patients from whom samples 
were obtained are given in Table 4.3. The bacterial samples were harvested from a 
diverse range of treated teeth meeting selection criteria. Anterior (1), premolar (1) 
and molar (4) teeth were represented, all with periapical disease (widened 
periodontal ligament space to 10 mm), of which some had been symptomatic but 
none had an associated sinus tract. All patients, were in good general health, had 
good periodontal health, and none had received antibiotics in the previous six 
months. A variety of restorations were present in all teeth (except one -  R3), which 
were all judged to have subtle signs of microleakage when examined under a 
microscope. One (R8) had a fracture line and had been dressed with a temporary 
restoration. All teeth had been root-filled for periods between 4-6 years and were 
judged to have failed treatment by virtue of persistent disease. The root-fillings in all 
roots were deemed to be fair except in one case (R2) where they were judged to be 
poor. This tooth also had a radicular dowel.
4.3.2 Identities of isolates and their relative occurrence
The final selected identities of the 78 isolates are given in Table 4.4. The protocol for 
identification was identical to that adopted in Chapter 3 and is not repeated here. All 
the strains were identified by partial 16S rRNA gene sequence and sometimes 
supplemented by complete gene sequence. The majority of the strains represented 
the phyla Firmicutes and Actinobacteria with one strain in Fusobacteria and 3 
yeasts. The Lactobacillus species were by far the commonest (21 strains), followed 
by Streptococcus (10 strains), Enterococcus (9 strains), Staphylococcus (7 strains), 
Actinomyces (7 strains) and Bacillus (3 strains) species. A number of less-frequently 
occurring species was also reported. Species that normally present in distinct rod­
like cellular forms had presented as coccoid morphotypes, including Lactobacillus, 
Actinomyces, Bacillus, Bifidobacterium and Dialister species; some were gram- 
negative (Dialister and Veillonella species).
Continued on page 130.
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Table 4.3 Clinical and radiographic data on teeth and patients from whom samples were obtained
Clinical details/samples R2 R3 R4 R5 R6 R8
Samples Tooth 36 11 37 46 16 24
History Medical history X X X X X X
Antibiotics in last 6 mons X X X X X X
Pain episodes X X X V X V
Current symptoms X X X V V X
Time after RCT 4yrs > 4yrs > 4yrs 6 yrs 4.5 yrs 5 yrs
Clinical examination Presence of caries X X X X X X
Presence of microleakage V V V V V V
Presence of fracture X X X X X V
Type of restoration Crown Not present Composite Amalgam Crown IRM
Presence of sinus tract X X X X X X
Periodontal assessment Plaque present X X V V X V
Probing profile (mm) <2 <2 <2 <2 <2 <2
Radiographic examination No. of roots 3 1 2 fused) 3 3 2
Quality of root-filling MB Poor 1 fair MB calcified MB Fair MB Fair B Fair
ML Poor ML calcified ML Fair DB Fair P Fair
D Fair D fair P Fair P Fair
Presence of post V X X X X X
Periapical lesion present V V V V V V
Size of lesion (mm) 8 2 1 10 8 10
KEY: V = feature present; x = feature not present, under Medical history = nil relevant; RCT = root canal treatment; Under Quality of root-
filling. MB = mesiobuccal, MD = mesiodistal, D = distal, P = palatal root canal; Poor = root-filling short of apex with obvious radiographic 
voids along its entire length, Fair = root-filling either short of apex or had some minor radiographic voids along part of its length.
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Table 4.4 Identities of the 78 strains based on partial 16S rRNA gene sequence
KEY: “Strain no” indicates the author’s strain designation. Bold/grey highlighted strains are those fully sequenced; “Tooth” gives sample 
origin; “Bacterial designation of sequence giving closest match” gives the genus and species name of bcterial sequence to which the 
submitted sequence was most closely matched. Only emboldened names are considered to be confident estimates: bold species names 
mean that the strain was identified confidently to species level (> 98% sequence homology), whereas only emboldened genus name 
indicates that the strain was “spec/es-like” (91-97% sequence homology), e.g. Streptococcus mitis is Streptococcus mitis-like.; “Sequence 
similarity (%)” gives the % match in sequence between the submitted and the closest sequence in the database; “Identity” gives the extent 
to which query and database sequences were invariant, it does not give the length of the submitted sequence; “No. of gaps” indicates the 
number of gaps in the matched alignment; “BLAST designation of sequence giving closest match” gives sequence/strain 
description/designation given in BLAST; “Accession number” gives accession number for tracing sequence in the databases.
Strain
no.
Tooth Bacterial designation of 
sequence giving closest 
match
Sequence
similarity
%
“Identity”
(bp)
No. of 
gaps
BLAST designation of sequence 
giving closest match
Accession number
P hylum  F irm icu te s ; C lass C los trid ia ; F am ily  P eptostrep tococcaceae
698 R2 Peptostreptococcus micros 98% 386/393 4 Oral clone FG014 (AF385543)
P hylum  F irm icu tes ; C lass C los trid ia ; F am ily  A c idam inococcaceae
725a R2 Dialister sp. 96% 329/347 9 BS095/GBA 27 16S rRNA (AF287788)
725b R2 Dialister sp. 99% 383/392 1 BS095/GBA 27 16S rRNA (AF287788)
856 R3 Veillonella sp. 98% 359/365 3 AA050 16S rRNA gene (AF287782)
P hylum  F irm icu tes ; C lass B a c illi; F am ily Bacillaceae
707 R2 Bacillus pumilus 98% 397/404 7 VAN 22 16S rRNA gene AF286483)
728b R2 Bacillus flexus 98% 362/369 7 16S rRNA gene (Ab021185)
729 R2 Bacillus meqaterium 96% 436/450 5 KL-197 16S rRNA gene (AY030338)
P hylum  F irm icu te s ; C lass B a c illi; F am ily  S taphylococcaceae
635 R2 Staphylococcus wameri 99% 399/403 4 LMG-19 16S rRNA gene (AJ276810)
689 R2 Staphylococcus epidermidis 89% 170/189 4 K-096 16S rRNA gene (AY030342)
696b R2 Staphylococcus hominis 98% 383/387 4 JPL-5 16S rRNA gene (AY030318)
727 R2 Staphylococcus aureus 97% 377/387 10 N315 (AP003136)
790 R3 Staphylococcus epidermidis 97% 367/376 8 KL-096 16S rRNA gene (AY030342)
1291b R8 Staphylococcus pasteuri 96% 433/449 7 LMG-19 16S rRNA gene (AJ276810)
1292 R8 Staphylococcus aureus 99% 364/367 3 16S rRNA gene (AF076030)
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Strain
no.
Tooth Bacterial designation of 
sequence giving closest 
match
Sequence
similarity
%
“Identity”
(bp)
No. of 
gaps
BLAST designation of sequence 
giving closest match
Accession number
Phylum Firmicutes; Class Bacilli; Family L actobacii laceae
621 R2 Lactobacillus casei 97% 322/337 8 16S rRNA gene (D16552)/(AF385770)
639 R2 Lactobacillus rhamnosus 98% 381/386 5 F11 16S rRNA gene (AF243146)
640 R2 Lactobacillus rhamnosus 98% 387/392 5 F11 16S rRNA gene (AF243146)
779 R3 Lactobacillus qasseri 97% 391/402 8 KC5a 16S rRNA gene (AF243165)
780 R3 Lactobacillus qasseri 96% 387/400 8 KC5a 16S rRNA gene (AF243142)
791 R3 Lactobacillus oris 96% 387/402 11 16S rRNA gene (X94229)
792 R3 Lactobacillus vaqinalis 99% 400/404 4 KC19 16S rRNA gene (AF243154)
793 R3 Lactobacillus vaqinalis 97% 167/197 9 MATT4 (AF375907)
794 R3 Lactobacillus casei 96% 462/478 11 F11 16S rRNA gene (AF385770)
794a R3 Lactobacillus rhamnosus 98% 386/393 5 F11 16S rRNA gene (AF243146)
794b R3 Lactobacillus vaqinalis 99% 400/404 4 KC19 16S rRNA gene (AF243154)
795 R3 Lactobacillus qasseri 94% 296/312 10 BLB3 16S rRNA gene (AF243142)
796 R3 Lactobacillus qasseri 98% 381/385 2 BLB3 16S rRNA gene (AF243142)
797 R3 Lactobacillus casei 98% 391/396 4 16S rRNA gene (AF385770)
800 R3 Lactobacillus rhamnosus 97% 389/397 6 F11 16S rRNA gene (AF243146)
820 R3 Lactobacillus fermentum 92% 338/367 15 16S rRNA gene (AF302116)
821 R3 Lactobacillus casei 97% 385/394 9 16S rRNA gene (AF385770)
822b R3 Lactobacillus rhamnosus 98% 356/361 5 F11 16S rRNA gene (AF243146)
855 R3 Lactobacillus panis 95% 419/440 10 16S rRNA gene (X94230)
1012 R4 Lactobacillus rhamnosus 97% 385/393 4 F11 16S rRNA gene (AF243146)
1134 R6 Lactobacillus fermentum 98% 383/389 4 16S rRNA gene (AF382391)
728a R2 Pediococcus acidilactici 99% 360/363 2 16S rRNA gene (AJ249892)
Phylum Firmicutes; Class Bacilli; Family Enterococcaceae
649 R2 Enterococcus faecalis 95% 373/390 11 P78 16S rRNA gene (AJ276460)
651 R2 Enterococcus faecalis 98% 381/387 5 P78 16S rRNA gene (AJ276460)
654 R2 Enterococcus faecalis 98% 378/382 3 P78 16S rRNA gene (AJ276460)
655 R2 Enterococcus faecalis 98% 385/392 7 P78 16S rRNA gene (AJ276460)
714 R2 Enterococcus faecalis 98% 380/385 5 P78 16S rRNA gene (AJ276460)
716 R2 Enterococcus faecalis 95% 388/406 12 P78 16S rRNA gene (AJ276460)
719 R2 Enterococcus faecalis 97% 315/323 4 P78 16S rRNA gene (AJ276460)
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Strain
no.
Tooth Bacterial designation of 
sequence giving closest 
match
Sequence
similarity
%
“Identity”
(bp)
No. of 
gaps
BLAST designation of sequence 
giving closest match
Accession number
720 R2 Enterococcus faecalis 98% 383/389 6 16S rRNA gene (AF076027)
1291a R8 Enterococcus faecalis 99% 370/372 2 16S rRNA gene (AF039902)
Phylum Firmicutes; Class Bacilli; Family Streptococcaceae
692 R2 Streptococcus mitis 99% 373/375 1 Unidentified SH2 gene 16S (AB028323)
693 R2 Streptococcus sanguinis 97% 360/368 5 Unidentified RP55-25 gene (AB028433)
699a R2 Streptococcus infantis 95% 319/333 11 16S rRNA gene (AB008315)
699b R2 Streptococcus infantis 97% 455/465 9 H3-M2 (AF385523)
783 R3 Streptococcus mutans 97% 434/447 9 NCTC 10449 (AJ243965)
1125c R6 Streptococcus sobrinus 98% 363/369 3 NCTC 12279 (AJ243966)
1141 R6 Streptococcus sanguis 98% 370/377 5 H6 16S rRNA gene (AY005041)
1284 R8 Streptococcus mutans 98% 384/399 8 NCTC 10449 (AJ243965)
1287a R8 Streptococcus anginosus 97% 392/401 5 VA 8466 00 (AF306838)
1287b R8 Streptococcus anginosus 98% 365/370 4 VA 8466 00 (AF306838)
Phylum Actinobacteria; Class Actinobacteria; Subclass Coriobacteridae; Family Coriobacteriaceae
708 R2 Slackia exigua 96% 273/284 3 16S rRNA gene (Af101240)
1155 R5 Olsenella profusa 98% 282/301 5 16S rRNA gene (AF292374)
Phylum Actinobacteria; Class Actinobacteria; Subclass Actinobacteridae; Family Actinomycetaceae
782 R3 Actinomyces sp. 96% 252/261 4 AG004 16S rRNA gene (AF287747)
786 R3 Actinomyces naeslundii (sp) 94% 344/365 9 CCUG 33931 (AJ234049)
854 R3 Actinomyces radicidentis 97% 449/461 9 16S rRNA gene (AJ251986)
857 R3 Actinomyces radicidentis 98% 436/448 9 16S rRNA gene (AJ251986)
858 R3 Actinomyces radicidentis 98% 380/384 3 16S rRNA gene (AJ251986)
859 R3 Actinomyces radicidentis 98% 353/359 4 16S rRNA gene (AJ251986)
1137 R6 Actinomyces odontolyticus 99% 382/384 0 CCUG 3 (AJ234044)
Phylum Actinobacteria; Class Actinobacteria; Subclass Actinobacteridae; Family Micrococcaceae
622 R2 Micrococcus luteus 98% 381/385 3 MT2 16S rRNA gene (AF058372)
697b R2 Micrococcus luteus 99% 380/382 2 16S rRNA gene (AF057289)
696a R2 Rothia mucilaginosa 98% 366/372 5 16S rRNA gene (X95483)
721a R2 Rothia mucilaginosa 96% 211/219 3 16S rRNA gene (X95483)
721b R2 Rothia mucilaginosa 97% 214/219 3 16S rRNA gene (X95483)
703 R2 Kocuria rhizophila 98% 388/395 5 16S rRNA gene (Y162624)
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BLAST designation of sequence 
giving closest match
Accession number
P hylum  A c tino b ac te ria ; C lass A c tino b ac te ria ; Subc lass A ctinobac te ridae ; F am ily  D ietziaceae
1125a R6 Dietzia maris 97% 356/367 3 CIPI 04293 16S rRNA gene (Y08313)
1125b R6 Dietzia maris 97% 360/368 0 CIPI 04293 16S rRNA gene (Y08313)
P hylum  A c tino b ac te ria ; C lass A c tino b ac te ria ; S ubclass A ctinobac te ridae ; F am ily  B ifidobacte riaceae
787 R3 Bifidobacterium denticolens 98% 430/436 5 16S rRNA gene (D89331)
1146 R6 Bifidobacterium dentium 99% 388/389 1 A32ED 16S rRNA gene (AF287759)
P hylum  F usobacte ria ; C lass F usobacte ria ; F am ily  Fusobacteriaceae
725 R2 Fusobacterium necrophorum 96% 347/360 7 16S rRNA gene (AF044948)
Yeasts
697a R2 Candida parapsilosis 97% 295/304 3 Small subunit rRNA (M60307)
801 R3 Saccharomyces cerevisae 95% 306/319 7 18S rRNA gene (U02969)
822a R3 Saccharomyces cerevisae 96% 409/424 8 18S rRNA gene (U02969)
Hereforth, the strains designated to species level with confidence (£ 98% sequence similarity) are known by their species name, whilst those 
designated to genus level with confidence but only “best match” to species 97%-91% sequence similarity) will be known as “species-like”. To save 
adding the post-fix “-like” on every occasion, these will be designated by emboldened genus name and closest species name, e.g. “Slackia exigua" is 
equivalent to “Slackia exigua-like”.
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Using the threshold of 98% sequence homology for acceptance of species 
designation, 40/78 (51%) of the strains were given definitive identities. The rest had 
confirmed genus identifications with sequence homologies between 92%-97%, 
except strain 689 which had sequence homology of 89% and was given closest 
match as Staphylococcus epidermidis. A relatively high proportion (23%) of the 
strains had sequence homologies of 97%; if this were the threshold for species 
designation, 58/78 (74%) would have had definitive species identities.
Five different species of Lactobacillus were confirmed (L. rhamnosus, L. 
gasseri, L. vaginalis, L. casei, L. fermentum), a further two were designated as 
close matches to L. panis and L. oris. Assuming the latter to be true, L. rhamnosus 
was the most common, followed by L. gasseri, L. casei, L. vaginalis and L. 
fermentum. Of the 21 Lactobacillus strains, 43% were designated to species level (£ 
98% sequence homology).
The 10 strains of Streptococcus species were represented by 5 confirmed 
species (S. mitis, S. sobrinus, S. sanguinis, S. mutans, S. anginosus) and one 
designated as close match to S. infantis. The species occurred equally commonly.
The 9 Enterococcus strains were all E. faecalis(-like), of which 6 strains were 
identified to species level and 3 strains to genus level with sequence homologies 
between 95%-97%.
The 7 Staphylococcus strains were represented by 3 confirmed species (S. 
warneri, S. hominis, S. aureus). Three strains were designated to genus level with 
sequence homologies between 96%-97% (S. aureus, S. epidermidis, S. pasteuri), 
whilst one strain remained unidentified with a sequence homology of 89% (closest 
match S. epidermidis).
The 7 Actinomyces strains were represented by 4 strains with confirmed species 
designations; 3 strains of A. radicidentis and 1 strain of A. odontolyticus. The 
remaining 3 strains were given genus designations with sequence homologies 
between 94%-97%, and were designated A. naeslundii, A. radicidentis and A. sp. 
Actinomyces radicidentis was the most commonly recovered of the 3 species from 
this genus.
The 3 strains from the genus Bacillus were all different species of which two 
were confirmed with 98% homology (B. pumilus, B. flexus) and the other to genus 
level with 96% homology (B. megaterium).
Three Rothia strains were all designated to R. mucilaginosa but only one was 
confirmed to species level, the other two had 96% and 97% homology.
The data in Table 4.4 are summarised in Table 4.5 (overleaf) by relative rates of 
occurrence of genus and species(-like) amongst the 78 strains.
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Table 4.5 Summary data on strains and their occurrence in treated teeth
Genus Species No. of 
strains
Total
strains
Total
species
Total
genera
Lactobacillus rhamnosus 6 2 1 8
gasseri 4
casei 4
vaginalis 3
fermentum 2
panis 1
oris 1
Streptococcus anginosus 2 1 0 7
infantis 2
mutans 2
mitis 1
sanguinis 2
sobrinus 1
Enterococcus faecalis 9 9 1
Staphylococcus aureus 2
7 5
epidermidis 2
hominis 1
pasteuri 1
warneri 1
Actinomyces radicidentis 4 7 3
sp. 2
odontolyticus 1
Bacillus pumilus 1 3 3
flexus 1
megaterium 1
Rothia mucilaginosa 3 3 1
Bifidobacterium den tico lens 1 2 2
dentium 1
Dietzia maris 2 2 1
Dialister sp 2 2 1
Micrococcus luteus 2 2 1
Saccharomyces cerevisiae 2 2 1
Candida parapsilosis 1 1 1
Kocuria rhizophila 1 1 1
Olsenella profusa 1 1 1
Pediococcus acidilactici 1 1 1
Peptostreptococcus micros 1 1 1
Slackia exigua 1 1 1
Veillonella sp. 1 1 1
Totals 78 78 41 19
Species designations given in bold where > 50% strains were identified with > 98% sequence 
homology.
The distribution of the strains by genus and species per tooth sample is given in 
Table 4.6 below.
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Table 4.6 Distribution of strains by genus and species per tooth sample
Tooth
sample
No. of 
strains
No. of 
species*
No. of 
genera
Types Relative
numbers
R2 35 13(22) 14 Bacillus pumilus 1
Bacillus flexus 1
Bacillus meqaterium 1
Candida parapsilosis 1
Dialister sp. 2
Enterococcus faecalis 8
Fusobacterium necrophorum 1
Lactobacillus casei 1
Lactobacillus rhamnosus 2
Kocuria rhizophila 1
Micrococcus luteus 2
Pediococcus acidilactici 1
Slackia exiqua 1
Staphylococcus aureus 1
Staphylococcus epidermidis 1
Staphylococcus hominis 1
Staphylococcus warneri 1
Streptococcus infantis 2
Streptococcus mitis 1
Streptococcus sanquinis 1
Rothia mucilaginosa 3
Peptostreptococcus micros 1
R3 28 5(14) 7 Actinomyces sp. 2
Actinomyces radicidentis 4
Bifidobacterium denticolens 1
Lactobacillus fermentum 1
Lactobacillus qasseri 4
Lactobacillus oris 1
Lactobacillus panis 1
Lactobacillus casei 3
Lactobacillus rhamnosus 3
Lactobacillus vaginalis 3
Saccharomyces cerevisiae 2
Streptococcus mutans 1
Staphylococcus epidermidis 1
Veillonella sp. 1
R6 7 5 (6 ) 5 Actinomyces odontolyticus 1
Bifidobacterium dentium 1
Dietzia maris
Lactobacillus fermentum 1
Streptococcus sobrinus 1
Streptococcus sanguinis 1
R8 6 4 (5 ) 3 Enterococcus faecalis 1
Staphylococcus pasteuri 1
Staphylococcus aureus 1
Streptococcus anginosus 2
Streptococcus mutans 1
Totals 76 27 (47) 29 76
Species designations given in bold where > 50% strains were identified with > 98% sequence 
homology.
* See text overleaf for explanation of figures in column “No. of species”.
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Although a total of 6 clinical samples gave 78 strains, 76 of these came from 4 
teeth and represented the total content of gram-positive coccoid morphotypes in 
these teeth. Table 4.6 shows that a wide range of species were present in these 
teeth. The samples, R2, R3, R6, and R8 contained 13, 5, 5, and 4 confirmed 
species (£ 98% homology), respectively; but a possible total of 22, 14, 6 and 5 (in 
brackets, Table 4.6) unconfirmed species (91%-99% homology), respectively. The 
relative numbers column in Table 4.6 denotes numbers of strains per species (91%- 
99% homology) of the 78 recovered from the respective teeth. A true quantitative 
assessment was not made and therefore the values represent species richness. The 
range and mean numbers of genera, species and strains per tooth sample are given 
in Table 4.7 below. These mean and range values are high even in the context of 
untreated teeth.
Table 4.7 Mean numbers of strains, species and genera per tooth and their 
range (n = 4)
Measure per tooth Mean number Range
No. of strains per tooth 19 6-35
Total no. of possible species (91 %-99% homology) per tooth 1 1 . 8 5-22
No. of confirmed species (> 98% homology) per tooth 6 . 8 4-13
No. of genera per tooth (> 91 % homology) 7.3 3-14
All except one sample (R8) contained Lactobacillus species. In fact, R2 
contained 3 strains, 2 of which were definitively identified as L. rhamnosus and one 
tentatively as L. casei. R3 contained 16 strains of which 3 each were definitively 
identified as L. rhamnosus and L. vaginalis, the rest were tentatively identified as 
L. fermentum, L. gasseri, L. oris, L. panis, and L. casei', R6 had 1 definitively 
identified species, L. fermentum.
All teeth contained various Streptococcus species. There was one definitively 
identified species (S. mitis) and two tentatively identified species (S. infantis, S. 
sanguinis) in R2. There were two definitively identified species in R6 (S. sobrinus, 
S. sanguinis) and R8 (S. anginosus, S. mutans) and one tentatively identified 
species in R3 (S. mutans).
Staphylococcus species were present in 3/4 teeth. There were 4 strains in R2, 
two were definitively identified (S. hominis, S. warneri), one tentatively (S. aureus) 
and one that was S. epidermidis-like with 89% homology. Of the two strains in R8, 
one was definitively identified (S. aureus) and one tentatively (S. pasteuri). The 
single strain in R3 was tentatively identified as S. epidermidis.
Enterococcus species were recovered from 2/4 teeth but were heavily present 
with eight strains originating from R2 and one from R8. Of the eight strains from R2,
134
Chapter 4 -  16S ID of treated isolates
five were definitively identified and three tentatively, whilst the single strain from R8 
was definitively identified (all as E. faecalis).
Actinomyces species were also present in 2/4 teeth. The six strains recovered 
from R3 were definitively identified as A. radicidentis (3) and tentatively as A. 
naeslundii, A. radicidentis and A. sp. The single strain in R6 was definitively 
identified as A. odontoiyticus.
All the Bacillus species were recovered from a single tooth (R2). A number of 
unusual species were also recovered: Kocuria rhizophila, Pediococcus 
acidiiactici and Rothia mucilaginosa all from R2; Bifidobacterium denticolens 
and Saccharomyces cerevisiae from R3; and Dietzia maris and Bifidobacterium 
dentium from R6. Two teeth contained different species of yeasts (R2 and R3) and 
2 teeth contained Bifidobacterium species (R3 and R6). The unusual mix of strains 
in R2 was further made complex by the presence of fastidious species such as 
Dialister sp., Fusobacterium necrophorum, Slackia exigua, and 
Peptostreptococcus micros.
4.3.3 Analysis of data on DNA extraction
It was possible to extract DNA successfully at the first attempt from 68/78 (87%) of 
the strains, whilst 10/78 (13%) required at least two attempts to obtain an amount 
clearly discernible on gel electrophoresis. It proved difficult to extract DNA from the 
following species (brackets show number of strains implicated);
Actinomyces naeslundii. Saccharomyces cerevisiae
Bifidobacterium denticolens Staphylococcus aureus
Dietzia maris Rothia mucilaginosa (* 2)
Lactobacillus rhamnosus and L. gasseri Streptococcus sanguinis
This is a heterogenous group with only one species showing any consistency of 
problem with 2/3 strains. Unique patterns of DNA appearance on gel view were not 
obvious in most of the strains tested; only one species Actinomyces sp. (n = 8) 
demonstrated a consistent pattern.
4.3.4 Analysis of data on success of PCR
The PCRs were conducted at three dilutions (10°, 10"1, 10~2 and sometimes 10-3 
instead of 10°) per strain. A total of 150 sets (1 set = 3 dilutions) of reactions were 
performed for the 78 strains, giving a total of 450 reactions in total.
The DNA yield in the PCR product was quantified spectrophotometrically for the 
sequencing reactions. The DNA yield ranged from 27.5-450 ng ml-1 with a mean 
value of 160 ng ml"1 (n = 78). The PCR amplicon bands were also subjectively 
graded as weak, faint, moderate, good or strong. Table 4.8 below, shows the 
frequency with which PCR amplicon bands were graded in each of these categories
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out of the 150 sets of reactions. The PCRs could theoretically be positive for only 
one dilution (column 1, rows 1^4) or for a combination of dilutions (column 1, rows 
6-10) with a given band strength. The frequency of amplicon band strength per 
dilution or combination of dilutions is given in succeeding columns. Columns 4 and 7 
give the pooled data from the previous two columns. Column 8 gives the frequency 
with which multiple amplicons occurred. The Table shows that out of 150 sets of 
reactions, 101 sets (67%) were positive and 76/101 (75%) of these were graded 
good or strong bands.
Table 4.8 Relation between bacterial DNA dilution factor and quality of 
PCR band
1 2 3 4 5 6 7 8 9
Combinations 
of DNA 
dilutions
Faint/
Weak
Moderate Pooling 
Weak/ 
Faint/ 
Moderate
Good Strong Pooling 
Good / 
Strong
Multiple Total no. 
that were 
positive
1 10° 3 1 4 1 2 3 0 7
2 10"1 4 1 5 4 12 16 0 21
3 10"2 8 4 12 12 14 26 0 38
4 10"* 0 0 0 2 0 2 0 2
5 Sub-total 15 6 21/68
(31%)
19 28 47/68
(69%)
0 68/101
(67%)
6 10°,10_i 0 1 1 1 7 8 0 9
7 10°,10“' 0 0 0 1 0 1 0 1
8 10"\10“2 3 0 3 4 6 10 0 13
9 10°,10"\10"2 0 0 0 2 4 6 0 6
10 10"2,10"3 0 0 0 2 2 4 0 4
11 Sub-total 3 1 4/33
(12%)
10 19 29/33
(88%)
0 33/101
(33%)
12 Total 18 7 24 29 47 76 0 101
KEY: Numbers in columns give the frequency with which PCR amplicon bands were graded in 
each of the categories for all the PCRs on the 78 strains (150 sets of 3 =450).
NB. negative results are not reported here.
From the table above, the total numbers of positive reactions per dilution (occurring 
singly or in multiple dilutions) were as follows;
10° = 23, therefore 150-23 = 127 (85%) were negative
10~1 = 49, therefore 150 -  49 = 101 (67%) were negative
10"2 = 64, therefore 150 -  64 = 86 (57%) were negative
Therefore the dilution 10"2was the most successful.
A total of 49 sets of reactions (all dilutions) out of 150 (33%) were negative.
A total of 136/450 (30%) of the individual PCRs were positive and 314/450 (70%) 
were negative. Therefore, the 78 strains required 150 sets of reactions because of 
negative results or inadequate products in 70% of individual reactions. The 
frequency of single or multiple PCR attempts required to achieve a “useable” PCR 
product is given in Table 4.9 below.
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Table 4.9 Number of PCR attempts required to obtain a useable product
Number of PCRs required to 
achieve a useable PCR product
1 2 3 4 5+
Frequency 49 4 11 10 4
% of total 64 5 14 13 5
The frequency of multiple PCR attempts to obtain a useful product for individual 
species (actual or putative) is given in Table 4.10 below.
Table 4.10 Frequency of strains (given by actual or putative identity) 
requiring multiple PCR attempts to yield a useful product
Species 2 PCR 3 PCR 4 PCR 5 PCR
reactions reactions reactions reactions
Actinomyces naeslundiilsp. 1 - 1 -
Actinomyces radicidentis - 3 - -
Actinomyces odontolyticus - 1 - -
Bifidobacterium denticolens - - - 1
Candida parapsilosis - - 1 -
Dietzia maris - - - 1
Enterococcus faecalis - 2 - -
Lactobacillus casei - 3 - -
Lactobacillus vaginalis 1 - - -
Lactobacillus oris - 1 - -
Lactobacillus panis - 1 - -
Lactobacillus fermentum - 1 - -
Lactobacillus rhamnosus - - 1 -
Lactobacillus gasseri - - 1 -
Olsenella profusa - - 1 -
Saccharomyces cerevisiae - - 1 1
Slackia exigua - - - 1
Staphylococcus aureus - - 1 -
Rothia mucilaginosa 1 - 1 -
Streptococcus infantis - - 1 -
Streptococcus sanguinis - - 1 -
Species designations given in bold where > 50% strains were identified with > 98% sequence 
homology.
It shows that DNA from the genera, Actinomyces (3 species), Lactobacillus (7 
species) and Streptococcus (2 species) proved difficult to amplify into 16S rRNA 
gene PCR products. In addition, others that posed similar difficulties included 
Bifidobacterium denticolens, Dietzia maris, Saccharomyces cerevisiae, Slackia 
exigua, Olsenella profusa, Staphylococcus aureus and Rothia mucilaginosa.
All PCRs were initially performed with universal primers 27f/1492r, if this failed to 
yield a product after repetition, other primer combinations were tried. The frequency 
with which other primer combinations were used in these failed cases is shown in 
Table 4.11 below.
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Table 4.11 Frequency of use of primer combinations other than 
27f/1492r, and their outcome
27f/1392r 357f/1392r 357f/1392r (Q sol") Total
Useful product 15(56%) 8 (89%) 1 (100%) 24
Multiple bands 0 (0%) 0 (0%) 0 (0%) 0
Negative result 12 (44%) 1 (11%) 0 (0%) 13
Total 27(100%) 9(100%) 1 (100%) 37
The primer (1392r) was used in all these combinations, either with 27f or 357f. 
The latter combination was also used with Q solution. Notably there were no 
multiple bands in these reactions and a high proportion yielded a useful product. Q 
solution was useful for obtaining a PCR product for Slackia exigua.
4.3.5 Data on sequencing reactions
The PCR product was amplified using 27f to obtain single-stranded DNA for 
sequencing. If the reaction failed to yield a sequence that would give a satisfactory 
identity, the same or other primers were tried. Some strains were therefore identified 
by a single sequence (51) whereas others required several. The frequency of strains 
requiring multiple sequences is given in Table 4.12. In addition to the 51 single 
sequences, there were 73 multiple sequences making a total of 124 sequences.
Table 4.12 Frequencies of strains requiring multiple sequences for 
identification
Number of sequences per strain 1 2 3 4
Frequency of strains 51 13 9 5
Total number of sequences 51 26 27 20
These multiple sequences may have been generated by one or more primers. 
The frequencies with which strains required multiple primers are given in Table 4.13.
Table 4.13 Frequencies of strains requiring several primers to obtain a 
satisfactory sequence
Number of primers required to obtain 
satisfactory sequence product
2 3 4 Total
Frequency of strains 15 7 0 22
The frequency of use of each of the primers for sequencing was 27f (93), 357f 
(8), 907r (0), 1392r (23) and 1492r (0) (giving 124 reactions). Of these 27f was used 
twice per strain on 13 occasions and for one strain it was used three times. Both 
357f and 1392r were used twice for the same strain, once each.
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The 124 nucleotide sequences used do not include those that required full 16S 
rRNA gene sequencing, 8 strains required full sequencing (reported later). Of the 
124 sequences, 44 (35%) were given different identities by the RDP and BLAST 
searches. When the best identities were rationalised to individual strains from which 
the sequences originated, 28 (36%) of the strains were recognised as different 
species by the two searches. Of these, 4 were recognised as belonging to different 
genera and 24 to different species, although in many cases the latter discrepancy 
was a simple matter of one search giving a species name and the other simply “sp.” 
Strains in the following genera were difficult to identify by 16S rRNA gene sequence: 
Actinomyces, Lactobacillus, Streptococcus, Dialister, Bacillus, Bifidobacterium, 
Veillonella, Olsenella, Atopobium, Slackia, and Kocuria.
The quality of the sequences submitted was in general good. It was measured in 
terms of length of sequence, the number and proportion of “N” scores (base not 
identified) and the number of repeat counts at the tail end of the sequence. The 
mean number of bases per sequence was 430 bp (/? = 147), with a range of 138- 
728 bp. The mean number of “Ns” per sequence was 6.5 (n = 147), with a range of
0-126. Seventy-one percent of the sequences were free of “Ns”, 6% had 1 “N”, 2% 
had 2 “Ns” and 21% had more than 5 “Ns” per sequence. It should be noted that 23 
sequences (usually consensus) were included in the above calculations, hence n = 
147 (124 + 23). The quality of full sequences is discussed below.
The number of repeat counts per sequence was 4/147 (2.7%) and when they 
occurred, there were upto 73 per sequence.
4.3.6 Full sequencing of 16S rRNA genes of strains difficult to identify
Including the full sequences, a total of 220 sequences were analysed to identify the 
78 strains. Eight strains (10%) required full gene sequence construction by 
alignment of overlapping nucleotide sequences from 11 primers each. Including the 
consensus sequence, this made 12 or more (sometimes more than one sequence 
from a given primer was used) sequences for each strain that was fully sequenced. 
Summaries of these analyses are presented below.
Strain 708
Eleven sequences from 7 primers (357f, 1114f, 519r, 685r [x 2], 907r [x 2], 110Or [x 
2], 1392r) were aligned (DNAman) to give a consensus sequence (1044 bp) that 
was identified as Slackia exigua (913 0.0) with a 95% sequence homology (549 bp) 
to a 16S rRNA gene sequence (accession number AF101240).
Strain 725a
Fourteen sequences from 9 primers (27f [x 2], 357f [* 2], 1114f [x 2], 342r, 519r [x 
2], 685r [x 2], 907r, 110Or [x 2], 1392r) were aligned (DNAman) to give a consensus
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sequence (1402 bp) that was identified as Dialister sp. (1127 0.0) with a 96% 
sequence homology (724 bp) to oral isolate E2_20E1 (accession number 
AF481209).
Strain 725b
Seven sequences from 7 primers (27f, 357f, 342r, 519r, 685r, 907r, 110Or) were 
aligned (DNAman) to give a consensus sequence (1100 bp) that was identified as 
Dialister sp. (1988 0.0) with a 98% sequence homology (1070 bp) to oral done 
(accession number AF287787).
Strain 786
Nine sequences from 9 primers (27f, 357f, 1114f, 342r, 519r, 685r, 907r, 1100r, 
1392r) were aligned (DNAman) to give a consensus sequence (1528 bp) that was 
identified as Actinomyces sp. (2632 0.0) with a 97% sequence homology (1460 bp) 
to oral clone BL008 (accession number AF385553).
Strain 793
Ten sequences from 10 primers (27f, 357f, 1114f, 342r, 519r, 685r, 907r, 110Or, 
1392r, 1492r) were aligned (DNAsis) to give a consensus sequence (1275 bp) that 
was identified as Dialister sp. (692 0.0) with a 98% sequence homology (353 bp) to 
oral clone FY011 (accession number AY134907).
Strain 794b
Two alternative consensus sequences were generated by alignment (DNAsis) of 6 
sequences from 6 primers each.
The first sequence (1542 bp) was based on sequences from primers; 1114f, 342r, 
685r, 907r, 110Or, 1392r and gave an identification of Actinomyces sp. (588 e-164) 
with an 86% sequence homology (560 bp) to oral clone JA063 (accession number 
AY349367). The second sequence (1334 bp) was based on sequences from 
primers; 357f, 1114f, 685r, 907r, 110Or, 1392r) and also gave an identification of 
Actinomyces sp. (602 e-119) with an 87% sequence homology (580 bp) to oral 
clone JA063 (accession number AY349367).
Strain 859
Nine sequences from 9 primers (27f, 357f, 1114f, 342r, 519r, 685r, 907r, 1100r, 
1392r) were aligned (DNAsis) to give a consensus sequence (1483 bp) and gave an 
identification of Actinomyces radicidentis (532 e-148) with a 92% sequence 
homology (466 bp) (accession number AJ251986), despite an excellent sequence. 
Strain 1155
Seven sequences from 7 primers (357f, 1114f, 519r, 685r, 907r, 1100r, 1392r) were 
aligned (DNAsis) to give a consensus sequence (1117 bp) that was identified as
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Olsenella profusa (922 0.0) with a 98% sequence homology (517 bp) (accession 
number AF292374).
Initial multiple attempts to identify these strains using partial sequences had failed to 
reach S_ab values exceeding 0.7. It was hoped that multiple overlapping sequences 
could be used to arrive at a reasonable consensus sequence. Unfortunately in some 
cases the individual sequences were too poor to allow the construction of a useful 
final sequence.
Analyses of the sequences showed that many bases remained undetermined, 
particularly in the following 4 strains, they were:
Strain 793 282 “ Ns”/9 sequences = 31/sequence Dialister sp.
Strain 794b 353 “Ns”/8 sequences = 44/sequence Actinomyces sp.
Strain 859 79 “Ns”/8 sequences = 10/sequence Actinomyces radicidentis
Strain 1155 40 “Ns78 sequences = 5/sequence Olsenella profusa
The sequences (by primers) that gave poor identifications are given in Table 4.14 
below.
Table 4.14 Frequency of primers giving poor identities during full 
sequencing
Primer 27f 357f 926f 1114f 342r 519r 685r 907r 1100r 1392r 1492r
Freq 6 2 10 1 4 0 0 2 0 1 9
In all, 96 sequences were analysed from the full sequencing of 8 strains. Of 
these 54 sequences (56%) were identified differently by the RDP and BLAST 
searches. When all (96 + 124) 220 sequences were considered together, 98 
sequences (45%) were identified as belonging to different species. The identity of 
the consensus sequences by the two search methods together with their similarity 
rankings are given in Table 4.15 below.
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Table 4.15 Consensus sequence identification by database and 
sequence quality
Strain No. of 
bases
No. of
“Ns” (%)
RDP ID S_ab
value
BLAST ID Sequence
similarity
(%)
P43 763 37 (4.8) Slackia exigua 0.786 Slackia exigua 92%
P58 1529 43 (2.8) Dialister
pneumosintes
0.592 Dialister sp. 95%
708 1044 13(1.2) Frankia sp. 0.667 Slackia exigua 95%
725a 1402 9 (0.6) Dialister
pneumosintes
0.517 Dialister sp. 95%
725b 1100 0(0) Dialister
pneumosintes
0.698 Dialister sp. 98%
786 1528 8 (0.5) Actinomyces
naeslundii
0.877 Actinomyces sp. 97%
793 1477 94 (6.4) Lactobacillus
reuteri
0.523 Dialister sp. 98%
794b 1542 132 (9) Lactobacillus
rhamnosus
0.496 Actinomyces sp. 87%
859 1483 8 (0.5) Actinomyces
naeslundii
0.560 Actinomyces
radicidentis
92%
1155 1117 0(0) Frankia sp. 0.588 Olsenella
profusa
98%
P43 and P58 are isolates from untreated teeth (Chapter 3).
Final identifications are given in bold. Only P43 (Slackia exigua) was identified 
similarly to species level by both search methods but the sequence similarity 
percentage match was low. Strains P58, 725a, 725b and 793 were identified as 
Dialister sp. to a high degree of agreement (especially the latter two) by the BLAST 
search but the RDP search gave Dialister pneumosintes in the first three cases and 
Lactobacillus reuteri for 793 with relatively poor matches. Strains 708 and 1155 
were given low matching identification to Frankia sp. by RDP but both were given 
relatively high matches to two different species by BLAST; Slackia exigua (708) and 
Olsenella profusa (1155). The designation of Actinomyces species was given to 
786, 794b and 859; 786 was identified as Actinomyces naeslundii by RDP to a 
reasonably high S_ab value but only as Actinomyces sp. by BLAST with 97% 
sequence match; 794b and 859 were both given poor matches, RDP identifying the 
former as Lactobacillus rhamnosus and the latter as Actinomyces naeslundii. 
BLAST identified them as Actinomyces sp. and Actinomyces radicidentis but only 
with 87% and 92% sequence match, respectively. The latter sequence was 
excellent whereas the former was compromised by 9% “Ns” . Interestingly, both 793 
and 794b were identified as Lactobacillus vaginalis by initial partial sequence 
analysis to 97% and 99% sequence homology but their consensus sequences were 
compromised by a high number of “Ns”.
142
Chapter 4 -  16S ID of treated isolates
4.3.7 Phylogenetic analysis of sequence data for selected strains
Selected strains falling within the phylum Firmicutes, class Bacilli (Figure 4.1) and 
phylum Actinobacteria (Figure 4.2) were analysed by phylogenetic tree 
reconstruction. Full sequences from closest relatives (indicated with prefix “S” on the 
tree) were down-loaded from BLAST and aligned with the partial sequences 
obtained in this study. Like-species mostly clustered with their counterparts but 
differences between strains were highlighted by clustering within subgroups. In 
Figure 4.1, the strains, Lactobacillus panis (855) and Bacillus pumilus (707) did not 
cluster with their counterparts. In Figure 4.2, the Rothia mucilaginosa strain (696a) 
clustered with its “standard” but not with the other strains of the same species (721a, 
721b), which all clustered together.
Strains belonging to the same phylogenetic groupings from untreated and 
treated teeth were compared by phylogenetic tree reconstruction using partial 16S 
rRNA sequence data. The groupings compared were Clostridia (Figure 4.3), 
Streptococcus species (Figure 4.4), Enterococcus species (Figure 4.5), 
Staphylococcus species (Figure 4.6) and Lactobacillus species (Figure 4.7). These 
trees in general confirmed the previous clustering of like-types but more importantly 
strains from root-treated or untreated teeth tended to cluster with those from teeth 
with similar treatment history. Sometimes, strains from the same tooth (or even 
same colony) clustered separately, for example, the Streptococcus anginosus 
strains 1287a and 1287b (Figure 4.4).
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Figure 4.2 Phylogenetic tree based on 16S rRNA gene sequence comparisons over 500 
bases showing strains falling within the phylum Actinobacteria. Tree was constructed by the 
neighbour-joining method following distance analysis of aligned sequences and was rooted 
for Streptococcus anginosus. Branch numbers (black) represent bootstrap values for each 
branch based on 1000 trees. Similarly identified strains are coloured in identical hues. Strain 
(where available) and accession numbers for full 16S rRNA sequences of related species 
used as standards (“S”) for comparison are indicated in brackets. Scale bar quantifies 
differences between sequences.
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Figure 4.3 Phylogenetic tree based on 16S rRNA gene sequence comparisons over 350 
bases showing strains from treated and untreated teeth falling within the Clostridia class of 
phylum Firmicutes. Tree was constructed by the neighbour-joining method following 
distance analysis of aligned sequences and was rooted for Atopobium rimae. Branch 
numbers (black) represent bootstrap values for each branch based on 1000 trees. Blue 
coloured strain names originate from untreated teeth and red from treated teeth. Numbers 
in brackets indicate sample origin. Scale bar quantifies differences between sequences.
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Figure 4.4 Phylogenetic tree based on 16S rRNA gene sequence comparisons over 400 
bases showing Streptococcus strains from treated and untreated teeth. Tree was constructed 
by the neighbour-joining method following distance analysis of aligned sequences and was 
rooted for Enterococcus faecalis. Branch numbers (black) represent bootstrap values for each 
branch based on 1000 trees. Blue coloured strain names originate from untreated teeth and 
red from treated teeth. Numbers in brackets indicate sample origin. Scale bar quantifies 
differences between sequences.
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Figure 4.5 Phylogenetic tree based on 16S rRNA gene sequence comparisons over 400 
bases showing Enterococcus strains from treated and untreated teeth. Tree was 
constructed by the neighbour-joining method following distance analysis of aligned 
sequences and was rooted for Streptococcus anginosus. Branch numbers (black) 
represent bootstrap values for each branch based on 1000 trees. Blue coloured strain 
names originate from untreated teeth and red from treated teeth. Numbers in brackets 
indicate sample origin. Scale bar quantifies differences between sequences.
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Figure 4.6 Phylogenetic tree based on 16S rRNA gene sequence comparisons over 400 
bases showing Staphylococcus strains from treated and untreated teeth. Tree was 
constructed by the neighbour-joining method following distance analysis of aligned 
sequences and was rooted for Dietzia maris. Branch numbers (black) represent bootstrap 
values for each branch based on 1000 trees. Blue coloured strain names originate from 
untreated teeth and red from treated teeth. Numbers in brackets indicate sample origin. Scale 
bar quantifies differences between sequences.
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Figure 4.7 Phylogenetic tree based on 16S rRNA gene sequence comparisons over 350 
bases showing Lactobacillus strains from treated and untreated teeth. Tree was 
constructed by the neighbour-joining method following distance analysis of aligned 
sequences and was rooted for Lactobacillus fermentum. Branch numbers (black) 
represent bootstrap values for each branch based on 1000 trees. Blue coloured strain 
names originate from untreated teeth and red from treated teeth. Numbers in brackets 
indicate sample origin. Scale bar quantifies differences between sequences.
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4.4 Discussion
Endodontic microbiology has turned from an initial focus on those bacterial species 
involved in the progression of periapical disease to those causing treatment 
resistance or treatment failure. Many of the fastidious gram-negative anaerobic 
bacteria implicated in disease progression are relatively easily killed by agents used 
in root canal treatment, particularly in vitro (Spratt et al. 2001). With a high 
prevalence of treatment failure in general dental practice, it is important to identify 
key pathogens involved in this clinical problem. Early studies (Frostell 1963, 
Engstrom 1964, Engstrom & Frostell 1964, Moller 1966, Goldman & Pearson 1969) 
had implicated gram-positive bacteria and in particular Enterococcus faecalis. Later 
studies on the effect of treatment procedures tended to confirm this view even 
though longitudinal studies had failed to detect species that were more resistant or 
susceptible to treatment (Bystrom & Sundqvist 1981). The flora in root-treated teeth 
(Tables 4.1 and 4.2) resembled that in untreated teeth during the 1950s and 1960s 
when the anaerobic techniques available were inadequate (Tables 3.1 and 3.2). It 
may be questioned whether the findings in root-treated teeth present the whole truth 
or are biased by sampling procedures. To further understand the infection, it is 
necessary to employ contemporary approaches to molecular ecology. So far only 
one study has attempted to use this approach to identify bacteria involved in treated 
teeth (Rolph et al. 2001). Before doing so though, it is essential to understand the 
problems of identifying bacteria isolated from root-treated teeth using 16S rRNA 
sequencing methodology.
4.4.1 Discussion of methodology
The aim of this study was to obtain a wide selection of gram-positive coccoid 
morphotypes from root-treated teeth likely to represent the flora in such teeth and to 
identify them by sequencing their 16S rRNA genes. Previous studies showed that 
greater diversity was evident in those samples that were poorly root-treated 
(Cheung & Ho 2001, Pinheiro et al. 2003a) or where the samples were acquired 
from extracted teeth (Fukushima et al. 1990). Table 4.3 gave an insight into the 
range of different clinical samples selected. The collection of these teeth was a 
difficult task as they had to satisfy a wide range of clinical conditions. Most 
essentially, the teeth must have been root-treated at least four years previously 
and/or demonstrate clinical signs or symptoms of treatment failure. The samples all 
met this requirement and in fact two had signs of infection and symptoms recently 
(R5 & R6) whilst one had symptoms one year previously (R8). The intention was 
that only some should exhibit signs of coronal leakage but close microscopic
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inspection revealed varying evidence of low grade leakage in all the samples. 
Sample R3 had gross leakage as the coronal restoration was missing. The samples 
also represented a range of qualities of completed root canal treatment, in contrast 
to other studies. R2 had poor root-fillings in two canals, whilst the others had what 
were judged to be fair root canal treatments (criteria given in Table 4.3). All had 
evidence of large periapical lesions (2-10 mm, mean 7.6 mm).
The teeth were all extracted carefully because of the potential for fracture and 
subsequent contamination. Teeth that fractured during extraction were not included. 
Caution was exercised to reduce the potential problem of root canal contamination 
caused by the pumping action exerted during extraction. It is well known that the 
bacterial front may extend beyond the apical foramen and into the periapical lesion. 
It is possible that the new site may stimulate change in its phenotype to allow 
adaptation. Such an extraradicular periapical infection may then seed an altered 
infection into the root canal system and become a source of treatment resistance 
(Haapasalo et al. 1987). This has been a topical area of research interest and 
controversy. The problem of its study is compounded by the assertion that extraction 
of teeth causes pumping motion that may move the bacterial front and artificially 
alter the morphological and spatial relationships existing in vivo (Dahlen & Moller
1992). Therefore not only can periapical tissues be contaminated from the root canal 
but the root canal may be contaminated from the periapical tissues. The problem 
has been studied in our laboratories using an in vitro tooth extraction model 
(Kapalas et al. 2001, 2002). It was concluded that such movement of bacteria due to 
bulk flow of fluid caused by pressure changes could occur but is rare when the 
coronal part of the tooth is intact; and also probably, if the tooth is root-filled.
The teeth were transferred to an anaerobic cabinet within 10 minutes of 
extraction and surface decomtaminated using established and validated protocols 
(Ng. et al. 2003). Sampling the root canal system and root-filling material after 
splitting the roots enabled the problem of removing the root-filling material to be 
circumvented. The cultivated bacteria were isolated by subculture using all the care 
and precautions employed for bacteria from the untreated teeth. All gram-positive 
coccoid morphotypes were selected from some samples (R2, R3, R6, R8) and two 
were selected randomly from two other samples (R4, R5) to give a total of 78.
4.4.2 Discussion of resuits
All sterility controls following the surface decontamination procedures were negative. 
The identities of the isolates given in Table 4.4 were based on sequence similarities 
with those in the databases searched by BLAST and RDP; > 98% sequence 
homology was set as the threshold for accepting the identification to species level.
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The majority (51 %) had sequence homology of 98% or greater, whilst the rest had 
sequence similarities between 94%-97% with the exception of two strains (689 -  
89%, 820 -  92%). If the threshold was set at 97% (Stackebrandt & Goebel 1994), 
74% of the strains would have had identities acceptable to species level. These 
proportions are higher than those for the isolates from untreated teeth (Chapter 3). 
The genera with lower sequence matches (94%-97%) included Enterococcus, 
Lactobacillus, Staphylococcus, Streptococcus, Rothia, Dietzia, Actinomyces and 
Bacillus. With the exception of the last four, these are the same as those identified in 
Chapter 3.
The majority of the strains grouped in two phyla, Firmicutes and Actinobacteria, 
with one strain in Fusobacteria and 3 yeasts. The taxa identified are largely 
consistent with those that would be expected from previous studies on isolates from 
treated teeth. Enterococcus faecalis, Lactobacillus, Actinomyces, Streptococcus and 
Staphylococcus species were prevalent amongst the 78 isolates. However, there 
were also other notably interesting and different findings. Previously unreported 
species in root canals of treated teeth included three species of Bacillus (B. flexus, 
B. pumiius, B. megaterium), Bifidobacterium species, Dietzia maris, Kocuria 
rhizophila, Pediococcus acidilactici, Rothia mucilaginosa, Streptococcus 
infantis, Candida parapsilosis and Saccharomyces cerevisae. In addition, 4 strains 
of Actinomyces radicidentis, a newly discovered species (Kalfas etal. 2001), were 
identified. As in Chapter 3, there was initial surprise at the species identified given 
the protocol of selecting gram-positive coccoid morphotypes. The Gram stains were 
repeated and the staining and cellular morphology were confirmed as being 
distinctly coccoid. Bergey’s Manual and Kalfas et al. (2001) confirmed that the 
Lactobacillus and Actinomyces species in question could indeed present as coccoid 
morphotypes.
An analysis of species prevalence by tooth sample (Tables 4.5 and 4.6) showed 
further interesting findings. The total of 8 species of Lactobacillus (assuming species 
designations for those with < 97% homology are true) exceeds the previous highest 
report of 6 species (Fukushima et al. 1990). The case of Streptococcus species is 
similar with a high total of 7 species (assuming species designations for those with ^ 
97% homology are true) whereas the previous maximum was 5 species (Sundqvist 
et al. 1998). Staphylococcus species also showed greater species richness 
(assuming species designations for those with ^ 97% homology are true) than in 
other studies with a total of 5 species compared to the previous maximum of 2 in 
several studies. This again tends to suggest that the species are true root canal 
occupants and not contaminants.
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Sample R2 exhibited the highest number of species and exceeded even the 
numbers found in untreated teeth with 35 strains and 22 species (13 confirmed at £ 
98% homology) from 14 genera. A high proportion of species designations were 
unresolved by the 16S rRNA approach. Enterococcus faecalis appeared to 
dominate with a total of 8 strains but there was greater species richness for 
Staphylococcus species (2 confirmed and 2 tentative identities). The tooth from 
which the sample was harvested had an 8 mm, asymptomatic periapical 
radiolucency and poor root canal fillings in two of the canals (Table 4.3). The 
observations are consistent with other studies where poor root canal treatments are 
associated with greater diversity (Cheung & Ho 2001, Pinheiro et al. 2003a). The 
tooth appeared to contain an unusual mix of facultative and strict anaerobes such as 
Dialister sp., Fusobacterium necrophorum, Slackia exigua, and 
Peptostreptococcus micros. The presence of these species suggests that root 
canal debridement may have been poor and indeed the quality of root-filling 
supports this view. The presence of Kocuria rhizophila and Bacillus spp. suggests 
that, in addition to poor debridement, asepsis may also have been compromised 
and that these species were possibly introduced as treatment procedure 
contaminants. The presence of Lactobacillus species, Enterococcus species and 
yeasts may be a function of coronal microleakage (Engstrom 1964, Myers et al. 
1969, Siren etal. 1997, Egan et al. 2002, Pinheiro etal. 2003a). It is not known how 
these species were distributed in the root canal system but it is speculated that the 
apical unistrumented parts of the canal contained the fastidious flora resembling that 
from untreated teeth. The more coronal, instrumented parts of the canal may have 
been dominated by the facultative organisms and the coronal-most part of the tooth 
by those leaking past the restoration. In summary, the nature of sample, sampling 
technique, cultivation protocol, and identification technique may have collectively 
resulted in the wide spectrum of species revealed.
Sample R3 also exceeded usual estimates of species richness in root-treated 
teeth with 28 strains, 14 species (5 confirmed with > 98% homology) from 7 genera. 
Again a very high proportion of the strains exhibited unresolved species 
designations by 16S rRNA homology. The sample was dominated by 7 Lactobacillus 
species (2 confirmed with £ 98% homology) and Actinomyces species, amongst 
others. The tooth from which the sample was recovered had a small periapical 
lesion but the coronal restoration had been absent for some undefined time. The 
quality of the root-filling was judged to be fair. Actinomyces species are regarded as 
relatively easy to eradicate from root canals but they can persist and have been 
recovered from treatment-resistant cases (Borssen & Sundqvist 1981, Kalfas et al.
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2001). The species richness may be explained by the open coronal access. Other 
studies (Moller 1966, Waltimo et al. 1997, Siren et al. 1997, Molander et al. 1998) 
where the canals were open to the oral environment have also reported a high 
prevalence of Lactobacillus species, although not as wide a range as reported here. 
The reason for this may be the combination of sampling protocol and identification 
method. The presence of Saccharomyces cerevisiae is unique and may be 
accounted for by the leaking coronal access (Egan et al. 2002). It is interesting that 
many of the species in this sample are traditionally regarded as rod-like or 
filamentous yet presented as coccoid morphotypes. Furthermore, all have well- 
studied adherence characteristics. Bifidobacterium denticolens (and associated 
species) are related to Actinomyces species and may occur as coccoid 
morphotypes (Tannock 1999).
The other two samples had comparatively restricted species richness but still at 
6 (R6) and 5 species (R8) per tooth (5 and 4 confirmed by £ 98% homology, 
respectively) still manage to exceed the species richness generally reported in 
previous studies. Interestingly, a higher proportion of the strains in these two 
samples had confirmed species designations. It is worth speculating whether this is 
mere coincidence or a function of the canal conditions. Both these teeth exhibited 
large periapical lesions, had a history of symptoms and root canal treatments that 
were judged to be fair.
Table 4.7 confirmed the exceptional number of strains, species (actual or 
putative) and genera found per tooth in this study. Collectively, four explanations 
may be advanced to explain the unique results of this study: (1) the sampling 
method may have enabled more of the bacteria to be directly sampled and 
recovered; (2) the teeth may have had more substantial coronal microleakage than 
samples in previous studies (albeit detected with a microscope [* 4.5], a measure 
not reported in other studies); (3) the cultivation and isolation protocol may have 
enabled targeting of potentially different species; and (4) the method of identification 
may be more acutely sensitive in discriminating between species.
The ability to extract bacterial DNA from these strains was similar to that for 
strains from untreated teeth; it was possible to extract DNA at the first attempt for 
87% of the strains compared with 86% for the “untreated strains”. The strains posing 
problems were Actinomyces species, Bifidobacterium denticolens, Dietzia maris, 
Lactobacillus species (2), Saccharomyces cerevisiae, Staphylococcus aureus, 
Rothia mucilaginosa (2) and Streptococcus sanguinis. The exact reasons were 
unclear but for Rothia species may be related to the highly mucoid extracellular 
matrix surrounding the cells. The third strain of this species did not have such a
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mucoid consistency and no problems were encountered with DNA extraction. Only 
DNA extracted from Actinomyces species gave characteristic gel patterns in this 
group of isolates.
A total of 450 PCRs were performed on DNA from 78 bacterial strains. The 
strains required 150 sets (3 dilutions each) of reactions. A total of 49 sets (33%) of 
these were negative. Measured by individual reactions, 30% were positive (136) and 
70% were negative (314). This ratio (30:70) is considerably different from that for the 
untreated isolates (51:49). Interestingly, Rolph et al. (2001) made a similar 
observation, 73% of their de novo (untreated) samples were positive by PCR 
compared to 65% of the treated samples. It is speculated that this difference has to 
do with the uniquely adapted strains present in the different environmental 
conditions in root-treated canals. Such adaptation may somehow render their DNA 
less amenable to PCR. Even the value of 30% positive, overscores the positive 
reactions because only a proportion (75%) of these was regarded as having “good 
or strong” band patterns. The relationship between the DNA dilutions used and 
quality of PCR band was different from that for the “untreated strains” (Table 4.8). 
Although a smaller proportion was positive, amongst these a higher proportion 
yielded stronger amplicon bands, that is, the DNA yield was easier to see on gel 
view. Calculation of the proportion of PCR reactions that were positive or negative 
suggests that the pattern is likely to be strain-related. A total of 450 PCR reactions 
were performed, of which 85% were negative at the concentration of 10°, 67% were 
negative at the 10"1 concentration and 57% negative at the 10"2 concentration. In 
contrast to the isolates from untreated teeth, a higher DNA dilution yielded more 
positive PCRs, perhaps because the concentration of extracted bacterial DNA was 
generally higher.
The number of PCRs required to obtain the 78 useable PCR products is given in 
Table 4.9. Only 49 (64%) were obtained at the first attempt, the rest required 2 to 5+ 
attempts.
The spectrum of species causing difficulty in obtaining a useable PCR product 
was broader for those recovered from treated teeth and in general they appeared to 
require a higher number of reactions before success was obtained (Table 4.10). The 
species were Actinomyces (3), Lactobacillus (7), Streptococcus (2), 
Bifidobacterium denticolens, Candida parapsilosis, Dietzia maris, Enterococcus 
faecalis, Olsenella profusa, Saccharomyces cerevisiae, Slackia exigua, 
Staphylococcus aureus and Rothia mucilaginosa. Interestingly, those difficult to 
extract DNA from also proved difficult to obtain PCR products from and the two may 
be related by the presence of factors co-extracted with the DNA or that cause
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template interference. This may support the hypothesis that some strains from 
treated canals may be physiologically different. However, once a good PCR product 
was obtained, the proportion of strains that achieved definitive identity to species 
was higher for those from treated compared to untreated teeth using a threshold of £ 
98% homology (51% vs. 38%). Even using the threshold of £ 97% homology, the 
difference holds true (74% vs. 63%).
A direct comparison of the efficacy of primer pairs was not made but again the 
pair 27f/1492r was chosen first and when it failed to yield a product after variations 
on the PCR protocol, the pairs, 27f/1392r and 357f/1392r were tried. In the case of 
the treated isolates, these pairs were more successful than in the case of “untreated 
strains” in yielding PCR products (56% and 89%, respectively) without any multiple 
bands (Table 4.11). Q solution was required in only one case (Slackia exigua) and 
produced a single amplicon making the need for molecular cloning unnecessary.
A total of 220 sequences were analysed and submitted to databases by two 
search methods for identification. Excluding the sequences generated for full 
sequencing of 16S rRNA genes from 8 strains, 124 sequences were submitted for 
identification of 78 strains, 27 strains requiring multiple sequence analysis (Table 
4.12). These strains required several attempts at sequencing reactions, sometimes 
using different primers to obtain a satisfactory sequencing reaction product. Five 
strains required several sequencing reactions using the same primer (27f), 15 
strains required 2 primers, and 7 strains required 3 primers (Table 4.13). The most 
frequently used primer for sequencing reactions was 27f (93), followed by 1392r (23) 
and then 357f (8).
Of the 124 nucleotide sequences submitted for identification through two search 
methods (RDP and BLAST), 56 (45%) were given different identities (disregarding 
% sequence homology), which was a much higher figure than for the “untreated 
strains” (20%). These sequence “identities” were rationalized into strain “identities” 
with 28 strains (36%) being given different “identities” by the databases, more than 
the proportion for “untreated strains” (26%). It is unclear what this difference was 
due to. In general terms, the quality of sequence was equally good in the two cases. 
The mean lengths of sequences were 423 bp and 430 bp, respectively, for 
“untreated” and “treated” strains. In both instances, the proportions with no “Ns” was 
high at 72% and 71%, respectively. Four strains from treated teeth had a particularly 
high prevalence of “Ns” during their full sequencing. Repeat nucleotide counts were 
not a problem in either case.
The 16S rRNA genes of 8 strains from treated teeth were fully sequenced to 
obtain more accurate identifications as partial sequencing yielded lower than 0.7
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S_ab values with RDP. The 16S rRNA genes of strains 689 and 820 should also be 
fully sequenced according to their low sequence matches at 89% and 92%, 
respectively. The intention was to obtain 11 overlapping sequences using 11 
primers to achieve triple coverage of every base. However, it is noteworthy that not 
all primers were able give satisfactory individual sequences, consequently the 
consensus sequences were assembled from various numbers of sequences 
overlapping to various degrees, ranging from 6-14. Even for the consensus 
sequences, different identifications were obtained from the databases (RDP, 
BLAST). Strain 859 received a poor match, identification of Actinomyces 
radicidentis, yet the sequence was good. This suggests that the sequence probably 
represents a novel taxon or one that has not had its sequence lodged in the 
database yet. Even after full sequencing only three strains (725b, 793, 1155) 
obtained 98% sequence homology. The difficuIt-to-identify sequences represented 
previous Eubacterium (Slackia exigua, Olsenella spp.), Dialister and Actinomyces 
species (Table 4.16). One problem was that the sequences appeared mixed, but 
only in a discrete region of the 16S rRNA gene. This may be indicative of slightly 
different copies of the gene (rrn) or perhaps secondary structure that prevents 
consistent amplification or sequencing. It may be that the PCR reactions require 
different optimisation conditions. The primers giving poorest results in the case of 
these sequences were 926f (10), 1492r (9), 27f (6) and 342r (4) (Table 4.15).
The identities given by the BLAST search were taken as true for reasons given 
in Chapter 3. It is noteworthy that several attempts at partial 16S rRNA sequence 
acquisition and sequencing ultimately resulted in the identification of strains 793 and 
794b as Lactobacillus vaginalis with 97% and 99% sequence homology. The initial 
difficulties in sequence acquisition for these strains had prompted full sequencing, 
which revealed different identities, in the case of 793 as Dialister sp. (98% 
sequence homology) and in the case of 794b as Actinomyces sp. (92% sequence 
homology). It is likely that the discrepancy is a function of poor sequence 
determination from the problem sites discussed above, both had the highest 
numbers of “Ns”.
The majority of the strains from treated teeth were classed either in Bacilli of the 
phylum Firmicutes or the phylum Actinobacteria. Selected strains from these two 
major groups (Figures 4.1 and 4.2) were therefore analysed by phylogenetic tree 
reconstruction, using full 16S sequences (“S”) as references; appropriately aligned 
and curtailed. These showed the majority but not all strains to cluster with like (“S”) 
types. Where they did not, this was usually due to differences in bases or presence 
of gaps in alignment (Table 4.4). The reason for the Bacillus pumilus strain (707)
158
Chapter 4 -  16S ID of treated isolates
clustering with the Staphylococcus strains is less clear (Figure 4.1). The separate 
clustering of the Rothia strains (721a, 721b) (Figure 4.2) is curious as they exhibited 
better sequence matches during identification than the strain that matched with the 
“standard” (Table 4.4). Likewise, Actinomyces odontolyticus exhibited 99% 16S 
rRNA sequence match, yet clustered within the Actinomyces radicidentis group 
(Figure 4.2). The range of sequence match for the latter strains was 97%-98%.
Phylogenetic comparison of strain sequences from treated and untreated teeth 
(Figures 4.3-4.7) confirmed that like-isolates tended to cluster together and that 
those from treated or untreated teeth clustered together with strains from similar 
tooth-treatment history. This is potentially an important finding as it may infer that 
clonally different strains survive in treated teeth, possibly selected by their uniquely 
evolved physiological properties.
The common sample origin of the strains may also account for the clustering and 
to evaluate this, the sample origins were added to the strain names in Figures 4.3- 
4.7. These show examples of common origin from teeth resulting in virtually identical 
as well as different strain types. In Figure 4.3, some Veillonella strains all from C6 
were identical whereas others were different. In Figure 4.4, Streptococcus 
anginosus strains from C11 and C13 were similar but there were also examples of 
those that clustered separately, e.g. 1287a, 1287b. In Figure 4.5, Enterococcus 
faecalis strains from R2 showed similarities as well as differences, likewise 
Lactobacillus strains from R2 or R3, in Figure 4.7.
There were also examples of identical or similar strains from different tooth 
samples: Veillonella and Dialister strains in Figure 4.3; Streptococcus mitis and 
Streptococcus sanguinis strains in Figure 4.4; Staphylococcus hominis strains and 
Staphylococcus aureus strains in Figure 4.6; and Lactobacillus rhamnosus strains in 
Figure 4.7.
It is premature, on the basis of the findings in this study, to conclude that the 
strains occupying treated and untreated teeth were genetically distinct yet there 
appeared to be trends to suggest possible support for such a hypothesis.
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4.5 Conclusions
The following conclusions were drawn:
The identity and frequency of the genera and species from treated teeth 
appeared to be consistent with other studies. The number of species per tooth was 
higher than in comparable samples in other studies.
Only one species gave a characteristic gel apperance on DNA extraction but 
otherwise the ability to extract DNA was similar to the isolates from untreated teeth.
The primer set (27f/1492r) was suitable for obtaining a useable PCR product in 
the majority of cases (64%), though multiple attempts were often required. Overall, 
70% of the PCRs failed, worse than for isolates from untreated teeth (49%).
When the PCRs were positive they tended to give a good PCR product 
regardless of the DNA dilution.
A high number (8/78 -  10%) of full sequences were obtained because of inability 
to achieve the threshold S_ab value (0.7).
The 8 strains that were fully sequenced were closest to Slackia exigua (1), 
Dialister species (3), Actinomyces species (3) and Olsenella profusa (1). One of the 
full sequences was good but yielded a poor match with the database. The strain 
may be a new species or one that has not yet been lodged in the database.
A much higher proportion (45%) was given different “identities” by the search 
methods (BLAST, RDP) compared to isolates from untreated teeth (26%).
The isolates were identified with a good degree of certainty by partial or 
complete sequencing of the 16S rRNA gene. About half the isolates (51%) had 98% 
or greater sequence homology with those in the databases, whilst the remainder 
had sequence similarity of 94%-97% with the exception of two (89%, 92%). This 
contrasts with 38% of “untreated” strains with 98% sequence homology.
The phylogenetic analysis showed that, on the whole, the identified isolates 
clustered together with their known counterparts in the database. Strains belonging 
to the same species and originating from the same teeth could be near-identical or 
different. Conversely, same species strains from different tooth samples could be 
near-identical. Strains from root-treated or untreated teeth tended to cluster with 
those from teeth with similar treatment history.
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Chapter 5
Identification of isolates from untreated and root- 
treated teeth using commercial enzyme tests
5.1 Introduction
Taxonomy consists of classification, nomenclature and identification (Prescott et al. 
1996). Panels of microbiologists have over the years grouped like-organisms 
together, effectively drawing lines between them to distinguish those that are 
significantly different from others and clustering those that appear similar. Recently, 
the groupings have been based on a broader series of phenotypic, genotypic and 
phylogenetic data, in an approach known as polyphasic taxonomy (van Damme et 
al. 1996). Phenotypic methods include all those that are not directed toward DNA or 
RNA and therefore also embrace chemotaxonomy (classification of bacteria by 
chemical constituents of cells). Traditional phenotypic tests are used in identification 
schemes in the majority of microbiology laboratories. They constitute the basis for 
formal description of taxa, from species and subspecies to genus and family (van 
Damme et al. 1996). While genotypic data are used to allocate taxa on a 
phylogenetic tree and to draw the major borderlines in classification systems, 
phenotypic consistency is required to generate useful classification systems and 
may therefore influence the depth of a hierarchical line (Wayne et al. 1987). The 
paucity of phenotypic characteristics in particular bacterial groups often causes 
problems in describing taxa and this applies especially to unculturable bacteria 
(Murray etal. 1990, Palys etal. 1997).
The process of classification is distinct from the process of identification. The 
latter assumes that the bacterium of interest is one that has already been described 
and named. The purpose of identification is to use the simplest path (or series of 
tests) to place the isolate in a known group because the essence of the process is 
efficiency. Identification tests are therefore a selected subset of the classification 
tests, however both require pure cultures to be examined (Atlas 1995). The selected 
tests should be easily determinable and few in number (Bergey’s Manual 1994). 
Each laboratory deals with a particular cluster of microorganisms based on their 
area of work or interest and each, therefore, usually has its own scheme of tests to 
identify the most likely organisms that they would encounter. Such identification 
schemes may not, therefore, be directly transferable between laboratories. Failure to 
identify an organism may simply mean that the scheme needs modification to 
encompass the new variant or it may, indeed, be a previously unidentified organism
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that now requires full characterisation and placement in the existing system of 
classification. It will then need to be named (Bergey’s Manual 1994).
The identification scheme consists of a series of questions that lead through a 
classification system to the identity of the organism. It is usually framed as a 
dichotomous flow chart but can involve multiple responses. The path to identification 
is unidirectional and a single atypical result or error may lead to misidentification 
(Atlas 1995).
The classical phenotypic characteristics of bacteria comprise morphological, 
physiological and biochemical features. Individually, many of these characteristics 
are irrelevant as parameters for genetic relatedness but as a whole they provide 
descriptive information enabling their recognition. The morphology of a bacterium 
includes both cellular (shape, endospore, flagella, inclusion bodies, Gram staining) 
and colonial (colour, dimensions, form) characteristics. The physiological and 
biochemical features include data on growth at different temperatures, pH values, 
salt concentrations, or atmospheric conditions, growth in the presence or activity of 
various enzymes, metabolism of compounds and so on. A comprehensive range of 
tests are listed and described by Smibert and Krieg (1994). To enable comparison of 
results from different batches of tests or different laboratories, the tests should be 
standardised (On & Holmes 1992, Smibert & Krieg 1994, Bergey’s Manual 1994, 
van Damme etal. 1996).
Miniaturised phenotypic finger-printing systems have been introduced and 
appear to be replacing classical phenotypic analyses to aid identification. These 
systems mostly contain a battery of dehydrated reagents (often based on detection 
of constitutive enzymes), addition of a standardised inoculum to which, initiates the 
reaction. The results are interpreted as recommended by the manufacturer, using 
their own databases of characteristic profiles (Atlas 1995, van Damme et al. 1996, 
Bascomb & Manafi 1998). Systems commonly used in clinical laboratories include; 
the Enterotube, API, Minitek, Micro-ID, Enteric Tek, and r/b enteric systems. The 
pattern of test results is converted to a numerical code that can be used to calculate 
the identity of the isolate. The numerical code describing the test results obtained for 
a clinical isolate is compared with results in a data bank describing test reactions of 
known organisms. Some commercial systems list a series of possible identifications 
indicating the statistical probability that a given organism (biotype) could yield the 
observed test results. The test results obtained with all these systems show good 
correlation with conventional procedures (Adney & Jones 1985, Karachewski et al. 
1985, Pattyn et al. 1993, Bascomb & Manafi 1998, Gorm Jensen et al. 1999). The 
systems yield rapid, reliable and cost-effective results as long as the isolate is one of
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the organisms that the system is designed to identify (Atlas 1995, Bascomb & 
Manafi 1998). Each system publishes a list of organisms it holds in its database and 
thereby implies its ability to identify them.
Studies on endodontic microflora have largely used phenotypic tests for bacterial 
identification and characterisation, though more recently a number have targeted the 
16S rRNA gene for this purpose. The available endodontic studies were 
systematically analysed to determine the methods of analyses used; it was apparent 
that the identification schemes used varied widely. The majority adopt the standard 
colony morphology and Gram stain as starting points. The description of the 
biochemical/physiological tests adopted is very diverse, from the detailed (Kantz & 
Henry 1974, Sundqvist 1976) to the absent. The majority reference Virginia 
Polytechnic Institute (VPI) for identification of anaerobic bacteria, whilst Bergey’s 
Manuals of Determinative or Systematic Bacteriology are frequently used, mostly 
the former of the two Bergey’s Manuals. Some use the two together (Fukushima et 
al. 1990, Hoshino et al. 1992, Weiger et al. 1995) and in addition state that the latest 
taxonomic literature was also consulted (Weiger et ai. 1995). A large number of 
studies before the early 1970s only identified bacteria to genus level based on 
morphology, Gram stain and sometimes gas chromatography. In fact, Kantz & 
Henry (1974) were the first to identify the anaerobic species using a comprehensive 
battery of tests.
Since 1984, the use of commercial identification test kits has increased to the 
point where they seem to be used almost universally and exclusively. The test kits 
mainly originate from Analytab products (API & Rapid systems), BBL Microbiology 
systems (Minitek anaerobe) and Innovative Diagnostic Systems (Rapid ANA II, 
Rapid NH). Numerous strains have remained unidentified as disclosed in previous 
chapters (Kantz & Henry 1974, Sundqvist 1976, Bystrom & Sundqvist 1981, 1983, 
1985, Sundqvist et al. 1989, Haapasalo 1989, Zavistocki et al. 1980, Sato et al.
1993).
Given the difference in species richness of isolates in Chapters 3 and 4 using 
16S rRNA gene sequencing (from contemporary literature), it was proposed to 
evaluate the extent to which it might be due to the method of identification. Basic 
phenotypic tests and 16S rRNA gene sequence identities would be used to inform 
selection of commercially available enzyme test kits to determine the identity of 
isolates and compare them with those obtained using the molecular approaches.
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5.1.1 Aims
The aims of this chapter were to:
• identify the collected strains (from both untreated and treated teeth) using 
enzyme test kits;
• compare the identities of the strains by the two approaches (16S rRNA gene 
sequence versus biochemical tests) and their influence on the picture of 
species richness;
• analyse the enzyme test results to account for discrepancies in identities;
• use dendrograms based on biochemical data to gain further insights into the 
relatedness of the isolates.
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5.2 Materials and methods
5.2.1 Identification of bacterial isolates using their physiological and 
biochemical profiles
Frozen bacterial stocks of all the available isolates (from treated and untreated 
teeth) were rapidly thawed (at 37°C) in six different batches and inoculated on blood 
agar or anaerobe agar plates. Isolates were cultivated at 37°C, under aerobic or 
anaerobic conditions (as defined in Chapter 2), overnight or for up to three days 
depending on growth requirements. Their purity was rechecked by colony 
morphology and Gram stain.
5.2.1.1 Growth under different atmospheric conditions
The growth response for all isolates was retested under O2 (ambient conditions) and 
C02 (5%) conditions at 37°C. The isolates were inoculated in a standard manner 
using the multipoint inoculator (Mast Group Ltd, Bootle, UK). Standard bacterial 
suspensions were prepared by resuspending freshly grown cells harvested from 
appropriate solid media (as in Chapter 2) into brain heart infusion broth 
(Bioconnections) and visually calibrated with a McFarland’s standard 4. Agar plates 
were marked for orientation and the plates inoculated in automated fashion.
5.2.1.2 Catalase test
Freshly grown cells were picked up on sterile cocktail sticks from plate cultures of all 
isolates individually and immersed in a small volume of hydrogen peroxide (3%). 
Detection of effervescence was recorded as a positive test.
5.2.1.3 Oxidase test
A 1% solution of tetramethyl-p-phenylenediamine was used. A swab was dipped in 
the solution and excess solution gently squeezed out. The swab was used to pick up 
a whole or part of the bacterial colony under test. The development of a blue-purple 
colour on the swab around the inoculum, within 15 seconds was recorded as a 
positive test.
5.2.1.4. Aesculin hydrolysis test
The isolates were inoculated in batches using the multipoint inoculator on to agar 
containing 0.01% aesculin (Sigma) and 0.05% ferric citrate (Sigma). They were 
grown overnight and, if necessary, over two days in aerobic or anaerobic conditions 
(as appropriate). The development of brownish-black colouration around the 
inoculum was recorded as a positive test.
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5.2.1.5 Dedicated enzyme detection tests for identification
The isolates were further evaluated using a range of commercially available enzyme 
test kits to determine their identities. Selection of the kit was based on 16S rRNA 
gene sequence identities.
The kits used included the Api rapid ID 32 STREP, Api rapid 32A, Api ID 32 
STAPH, Api Lactobacillus 50 CHL Medium, Api Coryne, Api 20E and the Api ZYM 
(BioMerieux, Lyon, France). Manufacturer’s instructions were followed closely 
except for the recommended growth medium, where blood agar was used as the 
isolates were recovered on it. Some of these conditions are shown in Appendix 
10.16.
The isolates were grown on blood agar in optimal conditions at 37°C for the 
stipulated time period (Appendix 10.16). A suspension of the growth in distilled 
water with a turbidity of the stipulated McFarland’s standard was made using aseptic 
techniques. A standard volume (Appendix 10.16) of the suspension was added to 
each cupule or tube in the test strip using a pipette. The tests were overlaid with 
mineral oil, where recommended. The test strips were incubated at 37°C under 
aerobic conditions for the recommended time. Selected test results required 
development by the addition of appropriate reagents as advised by the manufacturer 
(Appendices 10.16 and 10.17). Reproducibility of the tests was evaluated by 
repeating those for 30 randomly selected strains and was shown to be reliable.
The Micro-ring YT tests (Medical Wire and Equipment Company, Corsham, UK) 
were used for the identification of yeasts. This consisted of a ring of antibiotics and 
agents that is laid on an evenly inoculated agar plate of the isolate. After a suitable 
incubation period under aerobic conditions, the tests were read by the colours 
developed around each test material. The agents included; janus green, ethidium 
bromide, triphenyl tetrazolium-chloride, brilliant green, cycloheximide, rhodamine 
6G.
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5.3 Results
5.3.1 Biochemical identities compared with 16S rRNA gene sequence 
identities
The identities (together with their measure of certainty) based on physiological and 
biochemical tests versus those based on 16S rRNA gene sequencing (Chapters 3 
and 4) are compared in Table 5.1, overleaf. There were 117 isolates from untreated 
teeth and 78 from treated teeth (total 195). During the experimental period a number 
(15) of these were lost as a result of freeze-drying problems (reported in Chapter 3) 
and others were lost during substitution of storage freezers. Furthermore, on sub­
culture after freeze-thawing, a number presented as two or more colonial 
morphotypes and these were added to the list as additional isolates. Of the 117 
isolates from untreated teeth, 15 were lost due to freeze-drying problems (P6, P9, 
P11, P13, P16, P17, P18, P19, P20, P22, P27, P32, P33, P59, P60) and 6 (P8s, 
P23b, P29, P56, 135, 425) in freezer storage, whilst 9 were added because of 
presentation as multiple morphotypes (C82, C85, AR1, AR3, KG2, P16, P37b, 
P38b, P45), making a new total of 105. Of the 78 isolates from treated teeth, 8 were 
lost in storage (621, 707, 719, 787, 794, 794b, 800a, 820) and two presented as 
dual morphotypes (1287a, 708), making 72 isolates in all. This made the new total of 
177 isolates reported in Table 5.1.
Assuming that all genus and species designations were correct, the identities of 
80/177 (45%) of these isolates were perfectly matched by the molecular and 
biochemical approaches. The identity of 47/177 (27%) did not match at the species 
level, that is, 127/177 (72%) matched at least to the genus level. Whereas, the 
identities of 50/177 (28%) strains did not match even at the genus level.
Taking the confidence of the identities into account, it was found that 41/177 
(23%) of the strains were given confident species designations by both identification 
methods (species name emboldened). However, of these, only 27/41 (66%) agreed 
to species level and 37/41 (90%) to genus level.
In the case of 60/177 (34%) of the strains, identification by at least one of the 
methods gave confident designations to genus level; this was often the 16S identity, 
sometimes the biochemical identity and less frequently both. In these cases, 40/60 
(67%) had matching genus designations and 25/60 (42%) of the strains also had 
matching species names.
For 76/177 (43%) of the strains, the biochemical identity was uncertain even at 
the genus level. Despite this, 48/76 (63%) had matching genus names and 20/76 
(26%) also had matching species names with the 16S identities.
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Table 5.1 16S vs biochemical identification of strains from untreated and treated teeth 
KEY:
“Strains” gives author designation of strains as reported in Chapters 3 and 4, blue font = strains from untreated teeth, red font = strains 
from treated teeth; “Tooth” gives sample origin; “16S identification” gives identities by 16S rRNA sequencing (emboldening code given in 
next line); “Sequence homology” gives % sequence match, thresholds of identity acceptance were: 98% sequence homology accepted to 
species -  emboldened genus/species name, 91%-97% sequence homology accepted to genus -  emboldened genus name only, < 91% homology 
means unidentified; “Biochemical identification” gives identities by enzyme test profile. “Validity” gives confidence rating of match 
between strain enzyme profile and best matching database profile. The confidence ratings were as follows:
E = Excellent identification VG = Very good identification G = Good identification
A = Acceptable identification D = Doubtful identification LD = Low discrimination
U = Unacceptable profile E to gen = Excellent to genus Presum = Presumptive identification
Thresholds of acceptance: E, VG, G, A to sp. accepted as probable identities to species -  emboldened genus/species name;
A, E to genus accepted as probable identities to genus -  emboldened genus name; D, LD, U, Presum taken as uncertain identities.
Strains Tooth 16S Identification S equence hom ology (%) B iochem ical identification V a lid ity
P24 C13 Peptostreptococcus micros 97% Peptostreptococcus maqnus D
P31 C13 Peptostreptococcus micros 97% Peptostreptococcus micros/maqnus U
P53 C13 Peptostreptococcus micros 96% Peptostreptococcus micros!maqn us U
698 R2 Peptostreptococcus micros 98% Peptostreptococcus magnus VG
173 C7 Pseudoramibacter alactolyticus 97% Uninterpretable -  No ID -
P45(s) C6 Dialister pneumosintes 94% Unidentified -  No ID -
P45(l) C6 Dialister pneumosintes 94% Unidentified -  No ID -
P58 C14 Dialister sp. 99% Eubacterium lent urn A
186 C7 Dialister pneumosintes 99% Clostridium histolyticum G-Gen
725a R2 Dialister sp. 96% Propionibacterium acnes E
725b R2 Dialister sp. 99% Uninterpretable -  No ID -
P15 C6 Veillonella sp. 98% Veillonella sp. LD
P44 C6 Veillonella sp. 98% Veillonella sp. LD
P46 C6 Veillonella sp. 95% Veillonella sp. LD
P47 C6 Veillonella sp. 98% Veillonella sp. LD
P49 C6 Veillonella sp. 96% Propionibacterium acnes E
P50 C6 Veillonella sp. 97% Veillonella sp. LD
P57 C6 Veillonella sp. 96% Veillonella sp. LD
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856 R3 Veillonella sp. 98% Veillonella sp. LD
728b R2 Bacillus flexus 98% Clostridium tetani Presum
729 R2 Bacillus meqaterium 96% Actinomyces or Mobiluncus sp. U
P7 C10 Staphylococcus epidermidis 96% Staphylococcus epidermidis G (Sp)
P12 C10 Staphylococcus epidermidis 99% Staphylococcus epidermidis U
P23a C13 Staphylococcus epidermidis 98% Staphylococcus wameri A (Sp)
P36 C13 Staphylococcus epidermidis 98% Staphylococcus sp. U
P65 C14 Staphylococcus epidermidis 93% Staphylococcus epidermidis G
227 C5 Staphylococcus epidermidis 98% Staphylococcus epidermidis G
AR Ifl) C16 Staphylococcus epidermidis 97% Staphylococcus epidermidis D
AR1 (s) C16 Staphylococcus epidermidis 97% Staphylococcus epidermidis U
AR3(!) C17 Staphylococcus epidermidis 96% Staphylococcus epidermidis U
AR3(s) C17 Staphylococcus epidermidis 96% Staphylococcus epidermidis U
KG2(I) C18 Staphylococcus epidermidis 97% Staphylococcus epidermidis U
KG2(s) C18 Staphylococcus epidernidis 97% Staphylococcus epidermidis A
P16(MW) C6 Staphylococcus epidermidis 98% Staphylococcus wameri U
P16(GW) C6 Staphylococcus epidermidis 98% Staphylococcus aureus U
C Q Q R2 Staphylococcus epidermidis 89% Streptococcus anqinosus U
790 R3 Staphylococcus epidermidis 97% Staphylococcus hominis U
314 C9 Staphylococcus wameri 95% Staphylococcus warneri U
635 R2 Staphylococcus warneri 99% Staphylococcus aureus U
225 C5 Staphylococcus hominis 99% Staphylococcus epidermidis U
696b R2 Staphylococcus hominis 98% Staphylococcus warneri A (Sp)
727 R2 Staphylococcus aureus 97% Staphylococcus aureus U
1292 R8 Staphylococcus aureus 99% Staphylococcus intermedius U
1291b R8 Staphylococcus pasteuri 96% Unacceptable profile - No ID -
P30 C13 Gemella sanquinis 97% Streptococcus intermedius E
412 C11 Gemella morbillorum 98% Streptococcus anginosus E
380 C11 Lactobacillus casei 98% Lactobacillus casei U
380a C11 Lactobacillus casei 97% Lactobacillus rhamnosus U
380b C11 Lactobacillus casei 97% Lactobacillus casei G
621 R2 Lactobacillus casei 97% Lactobacillus rhamnosus D
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793 R3 Lactobacillus casei 97% Lactobacillus fermentum U
797 R3 Lactobacillus casei 98% Lactobacillus casei VG
821 R3 Lactobacillus casei 97% Lactobacillus rhamnosus U
640 R2 Lactobacillus rhamnosus 98% Lactobacillus rhamnosus E
794a R3 Lactobacillus rhamnosus 98% Lactobacillus rhamnosus G
822b R3 Lactobacillus rhamnosus 98% Lactobacillus rhamnosus D
1012 R4 Lactobacillus rhamnosus 97% Lactobacillus casei A
779 R3 Lactobacillus gasseri 97% Lactobacillus acidophilus G
780 R3 Lactobacillus gasseri 96% Lactobacillus acidophilus G
795 R3 Lactobacillus gasseri 94% Lactobacillus acidophilus G
796 R3 Lactobacillus gasseri 98% Lactobacillus acidophilus A
791 R3 Lactobacillus oris 96% Lactobacillus brevis G
792 R3 Lactobacillus vaginalis 99% Lactobacillus brevis U
855 R3 Lactobacillus panis 95% Lactobacillus brevis U
1134 R6 Lactobacillus fermentum 98% Lactobacillus cellobiosus VG
728a R2 Pediococcus acidilactici 99% Gemella morbillorum VG
C81 C8 Enterococcus faecalis 98% Enterococcus faecalis VG
C83 C8 Enterococcus faecalis 98% Enterococcus faecalis D
C83I C8 Enterococcus faecalis 98% Enterococcus faecalis VG
C85 mixed C8 Enterococcus faecalis 99% Enterococcus faecalis VG
C8 Broth mixed C8 Enterococcus faecalis 98% Enterococcus faecalis VG
649 R2 Enterococcus faecalis 95% Enterococcus faecalis E
651 R2 Enterococcus faecalis 98% Enterococcus faecalis E
R2 Enterococcus faecalis 98% Enterococcus faecalis E
655 R2 Enterococcus faecalis 98% Enterococcus faecalis E
714 R2 Enterococcus faecalis 98% Enterococcus faecalis E
716 R2 Enterococcus faecalis 95% Enterococcus faecalis E
720 R2 Enterococcus faecalis 98% Enterococcus faecalis E
1291a R8 Enterococcus faecalis 99% Streptococcus mutans U
387 C11 Enterococcus faecium 97% Enterococcus faecalis D
388 C11 Enterococcus faecium 95% Enterococcus faecium G
392 C11 Enterococcus hirae 95% Enterococcus faecium U
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P10 C10 Streptococcus anginosus 98% Streptococcus anginosus E
P25 C13 Streptococcus anginosus 93% Streptococcus anginosus E
P37bs C13 Streptococcus anginosus 98% Streptococcus anginosus E
P37bl C13 Streptococcus anginosus 95% Streptococcus anginosus E
P38a C13 Streptococcus anginosus 98% Streptococcus anginosus E
P38bs C13 Streptococcus anginosus 98% Streptococcus anginosus E
P38bl C13 Streptococcus anginosus 98% Streptococcus anginosus E
P39 C13 Streptococcus anginosus 97% Streptococcus anginosus E
P40 C13 Streptococcus anginosus 97% Streptococcus anginosus E
345a C11 Streptococcus anginosus 97% Streptococcus mutans E
345c C11 Streptococcus anginosus 99% Streptococcus anginosus E
354 C11 Streptococcus anginosus 98% Streptococcus anginosus VG
356 C11 Streptococcus anginosus 98% Streptococcus anginosus VG
357 C11 Streptococcus anginosus 99% Streptococcus anginosus E
358 C11 Streptococcus anginosus 98% Streptococcus anginosus E
360 C11 Streptococcus anginosus 99% Streptococcus anginosus VG
361 C11 Streptococcus anginosus 95% Streptococcus anginosus G
363 C11 Streptococcus anginosus 97% Streptococcus anginosus E
374 C11 Streptococcus anginosos 96% Streptococcus anginosus E
378 C11 Streptococcus anginosus 98% Streptococcus intermedius E
383 C11 Streptococcus anginosus 98% Streptococcus anginosus E
393 C11 Streptococcus anginosus 96% Streptococcus anginosus VG
395 C11 Streptococcus anginosus 96% Streptococcus anginosus VG
414 C11 Streptococcus anginosus 97% Streptococcus anginosus VG
1287a smooth R8 Streptococcus anginosus 97% Streptococcus anginosus E
1287a rough R8 Streptococcus anginosus 98% Streptococcus anginosus E
1287b R8 Streptococcus anginosus 98% Streptococcus anginosus E
P42 C5 Streptococcus constellatus 97% Eubacterium lentum G
125 C 7 Streptococcus constellatus 97% Streptococcus constellatus VG
157 C7 Streptococcus constellatus 95% Streptococcus sp. VG
P8I C10 Streptococcus sanguinis 95% Streptococcus sanguinis A
693 R2 Streptococcus sanguinis 97% Gemella morbillorum G
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1141 R6 Streptococcus sanguinis 98% Streptococcus oralis G
P21 C13 Streptococcus intermedius 98% Streptococcus intermedius E
P35 C13 Streptococcus intermedius 96% Streptococcus anginosus G
P26 C13 Streptococcus salivarius 98% Streptococcus intermedius E
P34 C13 Streptococcus salivarius 98% Streptococcus sp. E
P28 C13 Streptococcus mitis 97% Streptococcus intermedius E
692 R2 Streptococcus mitis 99% Streptococcus oralis G
699a R2 Streptococcus infantis 95% Streptococcus sanguinis D
699b R2 Streptococcus infantis 97% Streptococcus sanguinis D
783 R3 Streptococcus mutans 97% Streptococcus mitis E
1125c R6 Streptococcus sobrinus 98% Streptococcus mutans VG
1284 R8 Streptococcus mutans 98% Streptococcus mutans E
143 C7 Atopobium rimae 98% Peptostreptococcus magnus U
180 C7 Atopobium rimae 96% Peptostreptococcus magnus VG
181 C7 Atopobium rimae 98% Peptostreptococcus magnus G
P14 C6 Slackia exigua 94% Eubacterium lentum VG
P43 C5 Slackia exigua 98% Eubacterium lentum G
P61 C14 Slackia exigua 97% Eubacterium lentum G
P62 C14 Slackia exigua 96% Eubacterium lentum G
P63 C14 Slackia exigua 96% Eubacterium lentum G
P64 C14 Slackia exigua 93% Eubacterium lentum G
P66 C14 Slackia exigua 91% Eubacterium lentum G
P68 C12 Slackia exiqua 96% Eubacterium lentum LD
P71 C12 Slackia exigua 93% Eubacterium lentum LD
156 C13 Slackia exigua 96% Eubacterium lentum G
170 C7 Slackia exigua 96% Eubacterium lentum G
184 C7 Slackia exigua 97% Eubacterium lentum G
185 C7 Slackia exigua 95% Eubacterium lentum G
708(s) R2 Slackia exigua 96% Unidentified -  No ID -
708ft) R2 Slackia exigua 96% Unidentified -  No ID -
172a C7 Olsenella uli 97% Peptostreptococcus asacharolyticus D
178 C7 Olsenella profusa 98% Clostridium botulinum LD
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1155 R5 Olsenella profusa 98% Clostridium sp. Not valid
782 R3 Actinomyces sp. 96% Actinomyces viscosus D
786 R3 Actinomyces naeslundii 94% Actinomyces naeslundii/viscosus VG (Ge)
854 R3 Actinomyces radicidentis 97% Actinomyces naeslundii/viscosus VG (Ge)
857 R3 Actinomyces radicidentis 98% A ctinom yces naeslundii/viscosus LD
858 R3 Actinomyces radicidentis 98% Actinomyces naeslundii/viscosus LD
859 R3 Actinomyces radicidentis 98% A ctinom yces naeslundii/viscosus LD
1137 R6 Actinomyces odontolyticus 99% Actinomyces odontolyticus U
310 C9 Micrococcus lylae 99% Micrococcus luteus E-Gen
326 C9 Micrococcus luteus 97% Micrococcus luteus E-Gen
336 C9 Micrococcus luteus 98% Micrococcus luteus E-Gen
377 C11 Micrococcus luteus 98% Micrococcus luteus E-Gen
622 R2 Micrococcus luteus 98% Micrococcus luteus D
R2 Micrococcus luteus 99% Micrococcus luteus U
696a R2 Rothia mucilaginosa 98% Staphylococcus sciuri U
721a R2 Rothia mucilaginosa 96% Staphylococcus sciuri U
721b R2 Rothia mucilaginosa 97% Micrococcus luteus VG
703 R2 Kocuria rhizophila 98% Kocuria kristinae D
1125a R6 Dietzia maris 97% Api Zym kit -  No ID -
1125b R6 Dietzia maris 97% Api Zym kit -  No ID -
1146 R6 Bifidobacterium dentium 99% Clostridium sp. E- gen
321 C9 Brachybacterium conglomeratum 96% Api Zym - No ID
325 C9 Corynebacterium minutissimus 98% Coryne ID kit -  No ID -
172b C7 Propionibacterium acnes 95% Gemella morbillorum D
C82s C8 Propionibacterium acnes 96% Gemella morbillorum D
P41 C5 Porphyromonas gingivalis 95% Eubacterium lentum G
725 R2 Fusobacterium necrophorum 96% Fusobacterium nucleatum Not valid
390 C11 Acinetobacter Iwoffii 97% Api 20 E k it-N o  ID -
697a R2 Candida parapsilosis 97% Candida glabrata -
801 R3 Saccharomyces cerevisiae 95% Candida glabrata -
822a R3 Saccharomyces cerevisiae 96% Candida glabrata -
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5.3.2 The influence of 16S rRNA and biochemical identities on apparent 
species richness
The influence of identification method on the perceived species richness of the 
bacterial flora, especially by tooth sample, is evident from the stratified data given in 
Tables 5.2 (untreated) and 5.3 (treated) below. The number of emboldened names 
in the 16S identities columns suggests greater confidence in the molecular method, 
albeit at genus level. Also, despite the lack of confidence in species or genus 
designations, the identities by the two approaches still matched to genus level in at 
least two-thirds of strains. The figures do not represent the true species richness 
because a number of isolates were lost (reported in Chapter 3) and hence excluded 
from the evaluation as the biochemical identities were unavailable. Nevertheless, 
the selected isolates for which identities (assumed correct) were available for both 
approaches, show, that on the whole, both species and genus spectra are 
apparently reduced by the biochemical approach. In the “untreated” group (Table 
5.2), assessment of the bacterial groups by biochemical rather than 16S rRNA 
identities showed the species richness to decrease for some samples (C5, C9, C13, 
C14), increase for some (C6, C11) and remain the same for others (C7, C10). 
Genus richness was differently affected. There was no increase for any sample but 
a decrease for the majority (C5, C7, C9, C11, C13, C14) whilst some remained the 
same (C6, C10), though the genera could be different (C6) in the two lists. The 
numbers of strains were obviously constant for the biochemical and molecular 
groups, but their relative distribution amongst the species designations could be 
different. The most telling difference is apparent in sample C5, where 5 strains were 
evident as 5 species by 16S rRNA identification but appeared as 2 and 3 strains of 
S. epidermidis and E. lentum, respectively. The molecular approach almost always 
gave a genus identity, whereas the biochemical approach did not identify 6 strains.
Table 5.3 shows the same pattern of difference between the species richness 
apparent by 16S rRNA or biochemical identities. In sample R2, which contained the 
largest group of organisms, both species and genus richness decreased with the 
biochemical identities, while 3 remained unidentified. The relative distribution of the 
strains by species was slightly different between the two approaches too. In sample 
R3, the differences appear minor by the species and genus richness, but the list of 
species and strain distribution is different. The other two samples (R6, R8) both 
showed a reduction in species and genus richness and this pattern is reflected in the 
overall total numbers for species and genera. It also shows that 6/70 strains 
remained unidentified by the biochemical approach, whereas the 16S rRNA 
technique was able to deliver a genus identity for all but one strain.
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Table 5.2 Distribution of strains from untreated teeth by individual tooth sample
Key: The distribution is given by both 16S rRNA gene sequence and biochemical identities. Confident identities are emboldened if > 50% of
strains had confident identities; Rel no. = Relative numbers (as defined in Chapters 3 and 4); strn = strains; sp. = species; gen = genera.
Sample No. of strn No. of sp. No. of gen No ID 16S rRNA identities Rel no. Biochemical identities Rel no.
C5 Porphyromonas gingivalis 1 Eubacterium lentum 3
Biochem 5 2 2 0 Slackia exigua 1 Staphylococcus epidermidis 2
16S 5 5 4 0 Staphylococcus hominis 1
Staphylococcus epidermidis 1
Streptococcus constellatus 1
C6 Dialister pneumosintes 1 Eubacterium lentum 1
Biochem 1 2 5 4 2 Peptostreptococcus sp. 1 Propionibacterium acnes 1
16S 12 5 4 0 Slackia exigua 1 Staphylococcus aureus 1
Staphylococcus epidermidis 1 Staphylococcus wameri 1
Veillonella sp. 7 Veillonella sp. 6
Unidentified 1 Unidentified 2
C7 Atopobium rimae 3 Clostridium botulinum 1
Biochem 14 8 5 1 Dialister pneumosintes 1 Clostridium histolyticum 1
16S 14 8 7 0 Olsenella uli 1 Eubacterium lentum 4
Olsenella profusa 1 Gemella morbillorum 1
Propionibacterium acnes 1 Peptostreptococcus asaccharolyticus 1
Pseudoramibacter alactolyticus 1 Peptostreotococcus magnus 3
Slackia exigua 4 Streptococcus constellatus 1
Streptococcus constellatus 2 Streptococcus sp. 1
Unidentified 1
C9 Brachybacterium conglomeratum 1 Micrococcus luteus 3
Biochem 6 2 2 2 Corynebacterium minutissimum 1 Staphylococcus wameri 1
16S 6 5 4 0 Micrococcus luteus 2 Unidentified 2
Micrococcus lylae 1
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C9 continued Staphylococcus wameri 1
C10 Staphylococcus epidermidis 2 Staphylococcus epidermidis 2
Biochem 4 3 2 0 Streptococcus anginosus 1 Streptococcus anginosus 1
16S 4 3 2 0 Streptococcus sanguinis 1 Streptococcus sanguinis 1
C11 Acinetobacter Iwoffii 1 Enterococcus faecalis 1
Biochem 24 8 4 1 Enterococcus faecium 2 Enterococcus faecium 2
16S 24 7 6 0 Enterococcus hirae 1 Lactobacillus casei 2
Gemella morbillorum 1 Lactobacillus rhamnosus 1
Lactobacillus casei 3 Micrococcus luteus 1
Micrococcus luteus 1 Streptococcus mutans 1
Streptococcus anginosus 15 Streptococcus anginosus 15
Unidentified 1
C13 Gemella sanguinis 1 Peptostreptococcus magnus 3
Biochem 19 6 3 0 Peptostreptococcus micros 3 Staphylococcus sp. 1
16S 19 7 4 0 Staphylococcus epidermidis 2 Staphylococcus warneri 1
Streptococcus anginosus 8 Streptococcus anginosus 9
Streptococcus mitis 1 Streptococcus intermedius 4
Streptococcus intermedius 2 Streptococcus sp. 1
Streptococcus salivarius 2
C14 Dialister pneumosintes 1 Eubacterium lentum 6
Biochem 7 2 2 0 Slackia exigua 5 Staphylococcus epidermidis 1
16S 7 3 3 0 Staphylococcus epidermidis 1
Totals 91 36 24 6 Biochemical
91 42 34 0 16S
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Table 5.3 Distribution of strains from treated teeth by individual tooth sample
Key: The distribution is given by both 16S rRNA gene sequence and biochemical identities. Confident identities are emboldened as previously;
Rel no. = Relative numbers (as defined in Chapters 3 & 4); strn = strains; sp. = species; gen = genera.
Sample No. of strns No. of sp. No. of gen No ID 16S identities Rel no. Biochemical identities Rel no.
R2 Bacillus flexus 1 Actinomyces sp. 1
Bacillus megaterium 1 Candida glabrata 1
Biochem 33 18 13 3 Candida parapsilosis 1 Clostridium tetani 1
16S 33 22 15 0 Dialister sp. 2 Enterococcus faecalis 7
Enterococcus faecalis 7 Fusobacterium nucleatum 1
Fusobacterium necrophorum 1 Gemella morbillorum 2
Kocuria rhizophila 1 Kocuria kristinae 1
Lactobacillus casei 1 Lactobacillus rhamnosus 2
Lactobacillus rhamnosus 1 Micrococcus luteus 3
Micrococcus luteus 2 Peptostreptococcus magnus 1
Pediococcus acidilactici 1 Propionibacterium acnes 1
Peptostreptococcus micros 1 Staphylococcus aureus 2
Rothia mucilaginosa 3 Staphylococcus sciuri 2
Slackia exigua 2 Staphylococcus warneri 1
Staphylococcus aureus 1 Streptococcus anginosus 1
Staphylococcus epidermidis 1 Streptococcus oralis 1
Staphylococcus hominis 1 Streptococcus sanguinis 2
Staphylococcus warneri 1 Unidentified 3
Streptococcus infantis 2
Streptococcus mitis 1
Streptococcus sanguinis 1
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R3 Actinomyces naeslundii 1 Actinomyces naeslundii 5
Actinomyces radicidentis 4 Candida qlabrata 2
Biochem 22 11 6 0 Lactobacillus qasseri 4 Lactobacillus acidophilus 4
16S 22 12 6 0 Lactobacillus oris 1 Lactobacillus brevis 3
Lactobacillus pan is 1 Lactobacillus fermentum 1
Lactobacillus casei 3 Lactobacillus casei 1
Lactobacillus rhamnosus 2 Lactobacillus rhamnosus 3
Lactobacillus vaginalis 1 Staphylococcus hominis 1
Saccharomyces cerevisiae 2 Streptococcus mitis 1
Streptococcus mutans 1 Veillonella sp. 1
Staphylococcus epidermidis 1
Veillonella sp. 1
R6 Actinomyces odontolyticus 1 Actinomyces odontolyticus 1
Bifidobacterium dentium 1 Clostridium sp. 1
Biochem 7 5 4 2 Dietzia maris 2 Lactobacillus cellobiosus 1
16S 7 6 5 0 Lactobacillus fermentum 1 Streptococcus mutans 1
Streptococcus sobrinus 1 Streptococcus oralis 1
Streptococcus sanguinis 1 Unidentified 2
R8 Enterococcus faecalis 1 Staphylococcus intermedius 1
Staphylococcus pasteuri 1 Streptococcus anginosus 3
Biochem 7 3 2 1 Staphylococcus aureus 1 Streptococcus mutans 2
16S 7 5 3 0 Streptococcus anginosus 3 Unidentified 1
Streptococcus mutans 1
Totals 69 37 25 6 Biochemical
69 45 29 0 16S
The data in Tables 5.2 and 5.3 are further summarised in Table 5.4.
Chapter 5 -  Biochemical ID of all isolates
Table 5.4 compares the range and mean values for number of strains, species and
genera per tooth in untreated and treated teeth by both biochemical and 16S rRNA
identifications. It confirms that the species richness of the strains in the treated teeth
was greater than that in the untreated teeth in the selected samples (by either
identification method). It also confirms that the apparent species richness is
increased by using 16S rRNA identification compared to biochemical identification.
Table 5.4 Summary of numbers of strains, species and genera per 
tooth (range and mean values)
16S rRNA identities Biochemical identities
Treated/
untreated
Measure per tooth Range Mean no. Range Mean no.
Untreated 
teeth 
(n = 8)
No. of strains 4 -2 4 11.4 4 -2 4 11.4
No. of unconfirmed species 3 -8 5.4 2 -8 4.5
No. of confirmed species 1—4 2.6 0 -4 2.4
No. of genera 2 -7 4.3 2 -5 3.0
No. unidentified 0 0 0 -2 0.8
Treated
Teeth
(n = 4)
No. of strains 7 -34 17.5 7 -3 4 17.5
No. of unconfirmed species 5 -22 11.3 3 -1 8 9.0
No. of confirmed species 4 -1 3 6.8 2 -7 3.8
No. of genera 3 -15 7.3 2 -1 3 6.3
No. unidentified 0 0 0 -3 1.5
Confirmed species = those with > 98% 16S rRNA sequence homology.
The confidence of the biochemical identity, a function o f the similarity between 
the strain enzyme profile and the standard against which it is compared in the 
manufacturer’s database is conveyed in terms ranging from “Excellent” to “Not valid” 
(full list in Table 5.1 key). Table 5.5 summarises the distribution o f these scores for 
the biochemical identities by dividing them into “Acceptable” and “Unacceptable” 
(defined in the key). The scores are further stratified by those identities that were the 
same between 16S rRNA and biochemical (to species or genus levels) and those 
where they were different (no identity matches) for strains from untreated or treated 
teeth. Of the 177 strains, 15 had no scores because 12 strains were not identified 
and 3 (yeasts) were identified by a method that gave no such score, leaving 162. 
Table 5.5 Summary of acceptability of biochemical identities
Key: Acceptable validity scores; E, VG, G, A, E to gen
Unacceptable validity scores; Presum, D, LD, U, not valid
“Identity” gives biochemical identity match with 16S identities to species, genus or no match
Validity scores Identity Untreated Treated teeth Total Overall
Acceptable To species 39 (40%) 15(23% ) 54
101To genus 8 (8%) 14 (22%) 22
No match 19(19% ) 6 (9%) 25
Unacceptable To species 17(17% ) 5 (8%) 22
61To genus 8 (8%) 17 (27%) 25
No match 7 (7%) 7 (11% ) 14
Total - 98 (100%) 64 (100%) 162 162
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In total 68% (101/162) of the biochemical scores were “acceptable” and 38% 
(61/162) “unacceptable”.
A much higher proportion of the strains from untreated teeth (40%) were 
identified to species level with “acceptable” scores compared to those from the 
treated teeth (23%). In contrast, a higher proportion of strains from treated teeth 
(22%) were identified to genus level only with “acceptable” scores compared to 
those from untreated teeth (8%). Therefore a similar proportion of isolates from 
untreated and treated teeth had acceptable genus identities (48% vs. 45%). A 
relatively high proportion (19%) of the identities with “acceptable” scores for the 
untreated isolates, however, did not match with the 16S rRNA identities. In contrast, 
only 9% of those from the treated teeth with acceptable scores did not match the 
16S identities. Although in 17% of the “untreated” strains, there was agreement 
between the molecular and biochemical species identities, the latter identities were 
given “unacceptable” scores. In contrast, only 8% of those with “unacceptable” 
scores matched the 16S identities to species level amongst the “treated” strains. 
Whilst, 27% with “unacceptable” scores matched only at genus level (Table 5.5).
The data were further analysed by individual genera (16S rRNA identity used as 
base-line) (Table 5.6 below), by considering the number of strains that had matching 
16S rRNA and biochemical identities (to species or genus) and those that did not. 
The ratio of “acceptable” to “unacceptable” scores is given for each genus. The table 
considers 172/177 strains as the 5 strains without biochemical identities were 
excluded (Table 5.1 -  321, 325, 390,1125a, 1125b).
A high proportion of the Streptococcus species were “correctly” identified at the 
species or genus levels with the majority having “acceptable” biochemical scores. 
Only 2 did not match and both had “unacceptable” scores. Just over a half of the 
Staphylococcus strains had matching identities to species level but the majority of 
these had “unacceptable” scores. The remainder mostly had identity matches to the 
genus level with the majority having “unacceptable” scores. The 19 Lactobacillus 
strains did not prove easy to identify. Six of the identities were matched at species 
level, though 2 had “unacceptable” biochemical scores. Thirteen strains had an 
identity match to the genus level only, but about half were given “unacceptable” 
scores. The majority of the Enterococcus species had matching identities at species 
level and most were given “acceptable” biochemical scores, however there were 4 
exceptions of which one identification did not match even at the genus level and 
received an “unacceptable” score. Neither of the Gemella species was matched 
even though both received “acceptable” biochemical scores.
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The Veillonella strains were mostly matched at species level but again the
majority received “unacceptable” biochemical scores. Unusually, the one strain that
did not have a matching identity received an “acceptable” score. Peptostreptococcus
strains were divided equally between those achieving species or genus identity
matches but mostly had “unacceptable” scores. None of the Slackia strains
achieved identity matches even though the majority had “acceptable” scores.
Likewise, none of the Atopobium, Bacillus, Bifidobacterium, Dialister, Pediococcus,
Pseudoramibacter, Olsenella or Rothia strains achieved identity matches and mostly
had “unacceptable” scores.The identities of the Propionibacterium species were also
unmatched and both received “unacceptable” scores. The system used for
biochemical identification of yeasts was not reliable because of the limited number
of species that could be identified by antibiotic profile alone.
Table 5.6 Summary of data on “acceptable” versus “unacceptable” 
phenotypic identities and their match to 16S rRNA gene sequence 
identities by species or genus
Key: Figures give number of strains with matches;
Figures in brackets give ratio of acceptable/unacceptable “validity” scores.
Genus Species match Genus match No match Total
Pep tos trep tocccus 2 (0:2) 2(1:1) 0 4
Pseudoramibacter 0 0 1 (0:1) 1
Dialister 0 0 6 (3:0:2 no scores) 6
Veillonella 7 (0:7) 0 1 (1:0) 8
Bacillus 0 0 2 (0:2) 2
Staphylococcus 13(4:9) 9 (2:7) 1 (0:1) 23
Gemella 0 0 2 (2:0) 2
Lactobacillus 6 (4:2) 13(7:6) 0 19
Enterococcus 13(12:1) 2 (0:2) 1 (0:1) 16
Streptococcus 30 (30:0) 12(10:2) 2 (0:2) 44
Atopobium 0 0 3(2:1) 3
Slackia 0 0 15 (11:2:2 no scores) 15
Olsenella 0 0 3 (0:3) 3
Actinomyces 1 (1:0) 6 (2:4) 0 7
Micrococcus 5 (3:2) 1 (1:0) 0 6
Rothia 0 0 3(1:2) 3
Kocuria 0 1(0:1) 0 1
Bifidobacterium 0 0 1(1:0) 1
Propionibacterium 0 0 2 (0:2) 2
Porphyromonas 0 0 1(1:0) 1
Fusobacterium 0 1 (0:1) 0 1
Pediococcus 0 0 1(1:0) 1
Yeasts 0 1 2 3
Totals 77 48 47 172
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On the basis of these analyses, 125 (48 + 77)/172 (73%) of the 16S rRNA and 
biochemical identities were identical at the genus level, whilst 77/172 (45%) were 
matched at the species level and 47/172 (27%) did not match at all. These figures 
agree closely with the earlier calculations based on all 177 strains.
5.3.3 Analysis of enzyme and phenotypic test results 
The individual test results (raw data) for isolates identified by rapid ID 32 STREP kit 
(Appendix 10.18), api CHL Lactobacillus kit (Appendix 10.19), ID.32 STAPH kit 
(Appendix 10.20), rapid ID 32 A kit (Appendix 10.21) as well as the phenotypic tests 
are given in the appendices as indicated.
All except one strain grew under anaerobic conditions, whilst 23% (42) did not 
grow in 5% carbon dioxide and 33% (61) did not grow in oxygen. A large proportion 
of strains yielded Gram variability, even on repeated staining from young cultures. 
The proportions giving Gram variability were as follows: Streptococcus 26%; 
Enterococcus 6%; Lactobacillus 33%; Staphylococcus 71%; Micrococcus 57%; 
Actinomyces 50%; Clostridium 20%; Peptostreptococcus 25%; and Veillonella 86%. 
Gemella and Eubacterium species showed consistent Gram positive staining.
The raw data showed that certain tests were always positive and others variable. 
For Streptococcus anginosus, the majority of identities were given “excellent” or 
“very good” scores. The tests that gave variable results were (3-galactosidase, N- 
acetyl (3-glucosaminidase, lactose, D-arabinose, methyl BD glucopyranoside and 
tagatose. The only “unacceptable” score (689) was due to 5 discrepant test results. 
The Streptococcus intermedius strains matched the standards exactly, explaining 
the “excellent” scores. The Streptococcus mutans strains varied in their response to 
several tests, including (3-glucosidase, sorbitol, L-arabinose and maltose. The strain 
1291a was given an “unacceptable” score and deviated from the standard by 8 test 
results. Its 16S rRNA identity was given as E. faecalis. Streptococcus sanguinis had 
two control species for comparison and yet, despite apparently small test result 
variations, was given only “acceptable” or “doubtful scores”. The tests involved were 
sorbitol, lactose, pyroglutamic acid arylamidase, lelezitose and methyl BD 
glucopyranoside. Strain P8I had a discrepancy of 3 tests (“acceptable”), whilst the 
others (699a, 699b) only 2, yet the latter two were considered “doubtful”. The strains 
of Streptococcus oralis were quite different based on the test results, yet both were 
accorded “good” scores. Strain 692, had only one test discrepancy (P-glucosidase), 
whilst the other (1141) had 6 test discrepancies (raffinose, glycyl-tryptophane 
arylamidase, hippurate hydrolysis, lelezitose, methyl BD glucopyranoside). 
Streptococcus constellatus (125) had just one test discrepancy (lactose) and its 
identity scored “very good”. The strain of Streptococcus mitis (783) had 7 test
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discrepancies (P-glucosidase, a-galactosidase, trehalose, saccharose, hippurate 
hydrolysis, lelezitose, methyl BD glucopyranoside) but was accorded a score of 
“very good” match with the standard.
The Gemella morbillorum strains (172b, C82s) were discrepant by 4 tests each 
but two of these were different. The common test differences were arginine 
dihydrolase, glycyl tryptophane arylamidase and pullulan. In addition, 172b was 
positive for L-arabinose and C82s for urease.
The E. faecalis strains in general recorded “acceptable” scores with the only 
doubtful scores for 387 and C83. The former had 9 test discrepancies but the 
reason for the latter could not be detected. The commonest enzyme discrepancies 
were alkaline phosphatase, raffinose, acetoin production, (3-galactosidase, hippurate 
hydrolysis and tagatose. The two E. faecium strains were graded “good” and 
“unacceptable” with a discrepancy of only two tests (acetoin production, (3- 
galactosidase).
Lactobacillus casei strains displayed a variety of acceptance scores with quite a 
variation in test discrepancies. This was partly explained by the 3 different 
“standard” profiles available. The tests subject to variable responses amongst the 
strains were glycerol, L-arabinose, (3-methyl-D-xyloside, manitol, salicin, sucrose, 
starch, D-tagatose, D-arabitol, and gluconate. Strain 380 was accorded an 
“unacceptable” score and had 3 test discrepancies. Lactobacillus rhamnosus strains 
also displayed a similar variety of scores, ranging from “unacceptable” to “excellent”. 
The strains with the poor scores (380a, 821) had 6 and 8 test discrepancies, 
respectively. The strain (640) with the “excellent” score had only 2 test 
discrepancies. The discrepant test results were glycerol, L-arabinose, (3-methyl-D- 
xyloside, dulcitol, inositol, manitol, a-methyl-D-mannoside, salicin, sucrose, 
melezitose, starch, glycogen and D-tagatose. Lactobacillus acidophilus also had 3 
“standard” strains and the 4 test strains were all accorded “good” or “acceptable” 
scores. Key test result discrepancies were evident for N-acetyl-glucoseamine, 
melibiose, gentobiose, D-turanose, D-lyxose, D-tagatose and D-fucose. Again 
interestingly, the strain (796) with only 1 test discrepancy (D-lyxose) was accorded 
the “acceptable” score whereas the others achieved “good” with between 1-4 test 
discrepancies. Lactobacillus brevis strains were scored “good” (791) or 
“unacceptable” (792, 855). The former strain had no test discrepancies, whereas the 
other two had 2 and 3, respectively. They were; erythritol, a-methyl-D-mannoside, 
glycogen and D-fucose. Lactobacillus cellobiosus had 3 test discrepancies 
(amygdalin, salicin, cellobiose) but its identity was rated “very good”. Lactobacillus
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fermentum had 6 test discrepancies (glycerol, L-xylose, (B-methyl-D-xyloside, 
amygdalin, salicin, and 2-keto-gluconate) and its identity was rated “unacceptable”.
The Staphylococcus epidermidis strains had a mix of identity scores from 
“unacceptable” to “good”. A common test discrepancy amongst both extremes was 
ornithine dihydrogenase and so cannot account for the scores. The most likely 
candidates are those that do not occur amongst the “good” scores and include; 
trehalose, manitol, acetoin production, (3-ga!actosidase, N-acetyl-glucoseamine, and 
arabinose. Staphylococcus warneri strains displayed an unusually high range of 
discrepant tests, yet 2 scores were “acceptable”. Furthermore the strain with 9 test 
discrepancies (696b) was one of these, whilst 2 other strains with fewer 
discrepancies were judged “acceptable”. Strains of S. aureus, S. sciuri, S. hominis 
and S. intermedius were all deemed not to meet acceptable levels of enzyme profile. 
The only tests that were always constant were; urease, arginine dihydrolase, 
glucose, fructose, manose, maltose, lactose, trehalose, sucrose, N-acetyl- 
glucoasmine and turanose. Other test results were prone to variation among the 
strains.
Apart from one aberrant result (1291b), the rest of the Micrococcus luteus strains 
gave constant test responses. Only two were discrepant from the standard profile 
and these differed constantly between the strains, so that pyrrolidonyl arylamidase 
was always positive and novobiocin always negative (310, 326, 336, 377, 622, 
697b). Only 721b was free of discrepancy and its identity was rated “very good”. 
Curiously though, despite the same test results, 3 strains were scored “E gen” and 2 
as “doubtful” or “unacceptable”.
Kocuria kristinae had 4 test discrepancies and was rated “doubtful”.
The Eubacterium lentum strains gave a unique set of results. The standard 
profile gave only 2 positive tests; arginine dihydrolase and indole. The first was 
matched by all the strains but the second was failed by all the strains. In addition, 
alkaline phosphatase was positive in all strains, when it should have been negative. 
Other positive tests that were consistent but unexpected included proline 
arylamidase, leucyl glycine arylamidase and variably pyroglutamic acid arylamidase. 
Despite this, the majority of the identities were rated “good” with the exception of 
strains P68 and P71. This rating was inexplicable for the former as it had the same 
profile as the rest, whilst the latter had an additional test discrepancy (tyrosine 
arylamidase).
The Peptostreptococcus magnus strains displayed a range of identity scores and 
equally wide variation in test result discrepancies. The strains rated “very good” had 
4 test discrepancies. The Peptostreptococcus micros strains both had 5 test
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discrepancies and were rated “unacceptable”, whilst Peptostreptococcus 
asaccharolyticus also had 5 test discrepancies and was rated “doubtful”. The test 
discrepancies for P. micros were proline arylamidase, leucine arylamidase, 
pyroglutamic acid arylamidase, histidine arylamidase and glutamyl glutamic acid 
arylamidase. For P. asaccharolyticus, they were p-glucosidase, manose, a- 
fucosidase, leucine arylamidase and histidine arylamidase.
All the Veillonella strains gave identical test results and were discrepant for 2 
tests, arginine dihydrolase and phenylalanine arylamidase. All identities were rated 
“low discrimination”, despite only 3 positive tests in the standard profile.
The Actinomyces naeslundii/viscosus strains had one or two test discrepancies 
with a total of only 4 variable tests, yet the identity scores ranged from “very good to 
genus” to “doubtful”. Strain 786 had 1 test discrepancy (leucyl glycine arylamidase) 
and was rated “very good to genus”. Strains 854, 857,858, 859, all had the same 
test discrepancies (a-arabinosidase, indole), yet 854 was rated “very good to genus” 
and the rest “low discrimination”. Strain 782 was identified as Actinomyces viscosus 
with a “doubtful” score and had 2 test discrepancies (P-galactosidase, leucyl glycine 
arylamidase). Actinomyces odontolyticus with 5 test discrepancies (a-glucosidase, 
glutamic acid decarboxylase, leucine arylamidase, glycine arylamidase, serine 
arylamidase) was rated “unacceptable”. The strain 729, designated Actinomyces or 
Mobiluncus species, had 7 test discrepancies (a-galactosidase, (3-galactosidase, 
indole, proline arylamidase, pyroglutamic acid arylamidase, tyrosine arylamidase, 
histidine arylamidase) and was also rated “unacceptable”.
5.3.4 Use of dendrograms to examine relatedness of species 
The relatedness of strains by enzyme profile was evaluated by constructing 
dendrograms using enzyme test data expressed in binary format (Appendices 
10.18-10.21) as input data for PAUP. The phenetic distances between the isolates 
could only be explored within those groups tested by common biochemical tests. 
Therefore dendrograms were constructed for those isolates tested by the same kits.
Figures 5.1-5.4 depict dendrograms showing the phenetic distances between 
isolates tested by the API kits for streptococci, lactobacilli, staphylococci and 
“anaerobes”, respectively. Each figure has two parts, “a” represents the distances 
between the isolates and compares them to their mean character traits (£ 50% 
positive test results coded as 1, rest as 0) as well as to “control” bacteria traits given 
in the manufacturer’s database (BioMerieux); “b” represents distances between 
isolates based on both the test kit results and independent biochemical test results.
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Figure 5.1a Dendrogram generated from similarity matrix created in PAUP, from enzyme 
test data converted to binary format for Streptococcus, Enterococcus and Gemella strains 
(Appendix 10.18), as well as their mean character traits compared with profiles of standards 
(STD) available in the kit database. Strain fonts: blue = untreated; red = treated; black = 
standard or mean traits. Main species groups are labelled in brackets. Scale bar quantifies 
differences between strains.
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Enterococcus and Gemella strains (Appendix 10.18). Strain fonts: blue = untreated teeth; 
red = treated teeth. Main species groups are labelled in brackets and aberrantly 
positioned strains are individually labelled in smaller font. Scale bar quantifies differences 
between strains.
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Dendrograms facilitate visual comparisons between groups of isolates. Figure 
5.1a compared Streptococcus, Enterococcus and Gemella species with their mean 
and standard character traits. The Streptococcus anginosus strains all clustered 
together (with the standard strains) but there were subclusters within this grouping 
indicating minor variation amongst them. The strains P34 and P35 grouped 
separately, between S. intermedius and S. constellatus. These strains did display 
different test result profiles too, though it was difficult to relate them to their present 
cluster. The species Streptococcus intermedius, S. mutans and S. oralis also 
clustered together with their mean and standard characters. The Enterococcus 
faecalis and E  faecium groups clustered with their standards but again there were 
some subgroups within the overall cluster. Strain 387 (E. faecalis) clustered with E 
faecium and its test profile (“doubtful”) indicates why.
Figure 5.1b confirmed previous observations and showed that the strains from 
treated teeth clustered together. Strain 689 (S. anginosus) clustered with Gemella 
morbillorum. Strains P34 and P35 (S. anginosus) clustered with S. intermedius.
The dendrogram for Lactobacillus species (Figure 5.2a, below) demonstrated the 
variable relationship between “standard” and strain profiles. A number of standards 
clustered with the test strains (L. casei, L. rhamnosus, L  acidophilus, L brevis) 
whilst others did not (L. fermentum, L. brevis). There were also some that clustered 
with different groups (strain 821 -  L. rhamnosus, strain 793 -  L. fermentum), a 
suspicion that arose during the evaluation of binary data and that was confirmed by 
the dendrogram.
Figure 5.2b confirmed that the majority of strains originated from treated teeth, 
but interestingly, those from untreated teeth clustered together. In this dendrogram, 
the strains of L. casei and L. rhamnosus are interspersed together indicating their 
similarity by biochemical profile. The other strains grouped according to their 
species identities, whilst the sole strains L. fermentum and L. cellobiosus grouped 
together.
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are labelled in brackets and aberrantly positioned strains are individually labelled in 
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Figure 5.2b Dendrogram generated from similarity matrix created in PAUP, from enzyme 
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labelled in brackets and aberrantly positioned strains are individually labelled in smaller 
font. Scale bar quantifies differences between strains.
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Figure 5.3a above, shows the dendrogram for Staphylococcus, Micrococcus and 
Kocuria species and demonstrates the similarity between some of the species by 
virtue of the standards’ (S. aureus, S. epidermidis, S. hominis) tendency to cluster 
together. Most of the S. epidermidis strains clustered together with little difference 
between them. The exceptions were KG2s and P16GW. The standard for S. warneri 
did not cluster with its main group in common with one variant (696b), confirming the 
pattern of biochemical test results. The strain 1291b (unacceptable profile) clustered 
with strain P36 (Staphylococcus sp.) between other groups of mixed 
Staphylococcus species. The S. intermedius standard grouped separately from its 
designated strain (1292), which in fact clustered with the S. aureus strain 635.
Although, the test kit database had given strain 703 the designation Kocuria 
kristinae, the dendrogram suggested a closer relationship with Kocuria varians 
(standard), at least using an unweighted algorithm.
Micrococcus luteus and Staphylococcus sciuri clustered with their respective 
strains. There was a general indication that the standard strains had a slightly 
different test profile from the root canal isolates. Figure 5.3b gave a tighter clustering 
between like-strains, except for the species S. aureus (727), S. hominis (790), S. 
warneri (696b), S. epidermidis (P16GW, KG2s) and S. intermedius (1292).
Figure 5.4a (below) lends further credence to the notion that the species 
standards (Clostridium sp., Veillonella sp.) used by the database were closely 
related as they clustered together. Many of the isolates (Eubacterium lentum, 
Veillonella sp.) were also closely related given their proximity in the dendrogram. 
Actinomyces and Propionibacterium species in general clustered together with their 
standards. The exception was strain 729 {Actinomyces sp.), which clustered closely 
with E. lentum.
Figure 5.4b confirms the groupings observed above. Interestingly, the 
unidentified strains 725b and 173 clustered with the Clostridium species, suggesting 
their possible identity. These and other Clostridium strains grouped with Veillonella 
spp. The Gemella morbillorum strains (693, 728a) clustered with
Peptostreptococcus asaccharolyticus (172a). Whilst the Peptostreptococcus strains, 
180 and 181, grouped separately from other Peptostreptococcus strains confirming 
observations from the binary data.
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Figure 5.4a Dendrogram generated from similarity matrix created in PAUP, from 
enzyme test data converted to binary format for “anaerobic” species (Appendix 10.21), 
as well as their mean character traits compared with profiles of standards available in 
the kit database. Strain fonts: blue = untreated; red = treated; black = standards and 
means. Main species groups are labelled in brackets and aberrantly positioned strains 
are individually labelled in smaller font. Scale bar quantifies differences between strains.
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5.4 Discussion
In this study, “preliminary” identification and 16S rRNA identities informed test kit 
selection. This should, in theory, have formed a better foundation for biochemical 
identification (Murray etal. 1990).
5.4.1 Discussion of methodology
Some basic preliminary laboratory tests were performed, such as Gram staining, 
catalase and oxidase reactions, and growth in atmospheres (anaerobic, carbon 
dioxide [5%] and aerobic). Many of these were repeated at different times to ensure 
consistency of results. The description of Gram staining and cell morphology 
sometimes proved variable because of the changes inherent in cultures with 
repeated subculturing. During a long-term study, strains may be subject to genetic 
variation and therefore culture preservation is important (Smibert & Krieg 1994). 
Once pure cultures were obtained (sometimes after numerous subcultures), the 
isolates were frozen in BHI/glycerol (10%), at -70 °C. When required for testing, 
fresh cultures were revived and only tested after a minimum of two subcultures to 
ensure proper recovery (Gherna 1994). The loss of a number of strains due to 
storage problems meant that a reduced total number were evaluated in this chapter, 
but there was a slight counter-balancing “increase” owing to the fact that some of 
the revived strains presented as “mixed” morphotypes. The most obvious 
explanation seemed to be contamination, but on checking Gram stains it was found 
that the two strains looked similar. They were therefore labelled and tested further. 
This problem of “mixed” colonies is discussed further in Chapter 8.
Commercially available enzyme detection kits were used in order to standardise 
the procedures as far as possible and to enable direct comparison with the 
numerous endodontic studies that have used the same tests. All instructions were 
followed strictly. One variation from the recommended test kit protocol was that the 
specified agar medium for growth of the inoculum was not used, as it was decided 
that the cultures should be maintained on the same medium on which they were 
recovered (blood agar with 5% sheep blood) to give good growth. It is possible that 
this may have contributed to some differences in test results from standard profiles 
(Bascomb & Manafi 1998).
Interpretation of test outcome by chromogenic change is subject to observer 
variation and standardisation of observer conditions is critical. Observer variation is 
a familiar problem in radiographic observation in endodontics and therefore has 
been previously studied as applied to the reading of enzyme test results (Patel et al.
2000). The API system does in fact account for such risk for each individual test in
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their algorithms (BioMerieux 2002 [personal communication]), nevertheless, “self- 
calibration” by repeated reading of pilot tests may aid consistency. Reproducibility of 
the biochemical tests was evaluated by retesting 30 randomly selected strains; the 
results matched previous findings.
The aim of this part of the study was to determine whether the choice of 
identification method would influence species richness.
5.4.2 Discussion of resuits
A large proportion of strains were identified differently by the two approaches, at 
species as well as genus level (assuming the outcomes to be correct, Table 5.1): 
72% of the 177 strains were correctly matched at the genus level; 45% to the 
species level; and 28% did not match even at the genus level. Given that most 
recent endodontic studies have adopted the enzyme test kits exclusively for 
bacterial identification (Hirai et al. 1991, Hahn et al. 1993, Gomes et al. 1994, Le 
Goff et al. 1997, Lana et al. 2001), these results are of relevance and reiterate that 
commercial enzyme test kits should not used exclusively. In addition to the identity 
matches by both methods, Table 5.1 also gave the confidence in each strain identity 
expressed by emboldened names when the threshold for acceptance was 
exceeded. This showed that there was a higher chance of at least a confirmed 
genus designation by the 16S rRNA approach, whereas many designations given by 
the enzyme test lacked “validity”. In spite of this, a high proportion matched the 16S 
designations (discussed further later).
Tables 5.2 (“untreated strains”) and 5.3 (“treated strains”) compared the effect of 
method of identification on the apparent species richness of the gram-positive 
coccoid morphotypes in individual tooth samples. Both tables showed that the 
overall effect was to reduce the species and genus richness when the biochemical 
tests were used to identify the isolates. Moreover, they were more prone to leave 
strains unidentified, as reported in the introduction. Table 5.4 summarised the 
overall effect in terms of mean numbers and range of bacteria, at strain, species and 
genus level per tooth. The species numbers (by both methods) were viewed in 
terms of “unconfirmed identities” and “confirmed identities”, according to whether the 
threshold level of acceptance was met or not. Although species numbers were 
reduced when using confirmed names only, they still followed the same overall 
trends. There was a mean reduction in species richness by species and genus for 
isolates from both untreated and treated teeth when the biochemical method was 
adopted. Apart from the apparent species richness reduction, the other key finding 
was the exceptionally high number of species in treated teeth by both identification 
methods. These figures contradict previous studies, perhaps because of different
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sample specification (microleakage), method of sample retrieval and method of 
identification.
The apparent increase in species richness by 16S rRNA method was because 
the same strains were identified as separate species whereas the biochemical 
approach lacked the sensitivity to differentiate between strains to the same degree. 
This may have been dictated by differences in the size of the respective databases. 
In the face of such contradictory findings, it is pertinent to investigate the robustness 
of the methods in determining the identifications. Ultimately, the question of which 
identity is correct must be addressed. Chapters 3 and 4 reviewed the factors 
determining the outcomes for 16S rRNA gene sequence identification. In the case of 
biochemical identification, the “validity” scores that give a measure of the confidence 
in the results were evaluated. A range of descriptors were used to convey the 
“acceptability” of the scores. For the purposes of analyses, these were divided into 
two groups “acceptable” and “unacceptable” along what should be an obvious 
dividing line. These scores were initially viewed in the context of the identity match 
with “16S” results and were also partitioned by the sample origin (untreated or 
treated). For example, was it the case that the majority of acceptable scores 
occurred when there was a good species match with 16S rRNA identity or were the 
“high confidence” scores evenly distributed between the “identity matches” and 
“non-matches”? Table 5.5 attempted to provide answers to these questions and 
showed that on the whole, 68% were acceptable. This cross-tabulation implies that 
certain strains can be identified biochemically with confidence, whilst agreeing with 
the 16S rRNA method. On the other hand, some strains were identified 
biochemically with “equal” confidence but failed to agree with the 16S rRNA identity. 
In these instances the problem is to decide which is correct. Still, other strains were 
identified with less confidence but nonetheless agreed with the 16S rRNA identity, 
whilst others did not. There was no obvious correlation between the subgroupings. It 
is interesting that the relative distribution was different between the strains from 
untreated and treated teeth. This investigation could not be pursued further with 
statistical tests as the lack of randomisation and equivalence in isolate retrieval 
made the comparison redundant. The overall impression, however, was that the 
strains from the treated teeth were more difficult to identify biochemically to species 
level with confidence (46% versus 32% unacceptable). Conversely, although 
roughly the same proportion of strains from treated and untreated teeth (48% versus 
45%) could be identified with confident scores to genus level, that ratio for species 
level was 23% versus 40%, respectively. That is, the strains from treated teeth more 
often displayed biochemical test profiles at variance with the standards in the
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database. If the use of the different growth medium from that recommended by the 
test kits had contributed to the variance of the test results from database standards, 
it should have done so for both groups. In contrast, the ratios of acceptable (£ 98%) 
to unacceptable (< 97%-91%) sequence homology for treated (51%:49%) and 
untreated (38%:62%) were biased in the opposite direction. The isolates from 
treated teeth were, however, more difficult to obtain the sequences from, reinforcing 
the notion of differences.
The relationship between confidence in biochemical identification and the genus 
(based on 16S rRNA sequence) under investigation was examined by cross- 
tabulating the genus against identification match at species level, genus level and 
those with no match (Table 5.6). The ratio of acceptable to unacceptable scores was 
entered for each genus to help locate problems in identification. It was evident that 
the problems were often genus-related. Slackia and Dialister often had a high 
proportion of no matches although they were confidently identified by other names. 
Streptococcus and Enterococcus species were identified confidently to species level 
in the majority of cases, whereas Staphylococcus species, whether identified to 
species or genus had a high proportion of unacceptable scores. The problem of 
identity discrepancies and the contribution of biochemical tests and their “validity” 
scores were investigated further by reviewing the individual enzyme test results for 
each of the strains. It was apparent that certain test scores were always positive 
whilst others exhibited variation, confirming the inference of the database summary 
provided by the manufacturer, which gives the percentage chance of each test being 
positive. The influence of the database algorithms in designating the species name 
was investigated by comparing the strains using dendrograms. These use a 
similarity matrix based on test results (binary outcome) to generate a visual 
depiction of their relatedness without the aid of weighted scores for individual tests. 
This would enable strains most closely related to be “clustered” based on the 
available enzyme and phenotypic data. Data from these analyses were considered 
together and compared with contemporary literature for the major genera.
5.4.2.1 Streptococcus and Enterococcus species
Most of the Streptococcus species (42/44) had identical identification (at species 
[30] or genus [12] level) by the two approaches with a high degree of confidence in 
the biochemical test results. About a third (14/44) of the strains required further 
clarity on species identity.
Some species matched the database standard profile exactly (Streptococcus 
intermedius), whereas others displayed common or uncommon differences. Some 
tests gave responses that were different to those expected by the database
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standard. It is possible that the root canal strains are beyond the range of the test 
kits’ current database. It was interesting to note that the number of discrepant tests 
did not always correlate with the “validity” score, suggesting that each enzyme test 
had a unique weight in the algorithm converting numerical data into identities.
Similarly, most of the Enterococcus strains (13/16) were identified with 
confidence and matched the 16S rRNA identities. However 3 strains proved difficult 
to identify and to achieve agreement upon.
The dendrogram analyses (Figure 5.1a and 5.1b) revealed that the majority of 
strains clustered with their counterpart standard strains but there were exceptions. 
Strains P34, P35 and 689, putatively belonging to S. anginosus clustered with S. 
intermedius and S. constellatus in the case of the former two and with Gemella 
morbillorum in the case of the latter. The lack of clustering with standard strains is 
probably a function of the conversion of “proportional” enzyme test data sets into 
binary format and/or weighted algorithms. The dendrogram clusters the strains with 
similar data profiles, thus like-species clustered together, but there were exceptions. 
For example, strain 387 is given the identity E. faecalis but clustered in the E. 
faecium group by biochemical identification. The 16S identity for 387 in contrast was 
E. faecium and is therefore likely to be correct. The strains from treated teeth tended 
to cluster together. This is an interesting finding as it implies unique phenotypic traits 
contrasting with those belonging to the untreated group.
The outcome of comparisons between genotypic and phenotypic data appears to 
depend upon the species and the nature of the comparison. For example, 
comparison between species-specific 16S rRNA probes and API Rapid 32 ID gave 
better agreement for S. anginosus (83%) and S. constellatus (76%) than S. 
intermedius (58%) (Limia et al. 2000, Kirschner et al. 2001). In contrast, comparison 
between API Strep 20, the FluoCard and 16S rRNA gene sequencing gave similar 
identifications for all S. anginosus and S. intermedius strains but 23% of S. 
constellatus strains were identified as one of the other species by the enzyme tests 
(Clarridge et al. 1999). When AP-PCR fingerprint was compared with API 20 Strep 
and other biochemical tests for Streptococcus sanguinis strains, no correlation was 
found between the two approaches (Pan et al. 2001).
The classification and identification of streptococci is a confusing and complex 
problem (discussed further in Chapter 8) reflected in the attempts to identify them by 
the API 20 Strep kit; it was reliable for identification to group but not species 
(Clarridge et al. 2001). In contrast, the RAPID ID 32 STREP system was able to 
identify 77% of isolates to species level but misidentified 7% and was unable to 
identify 16% (Gorm Jensen et al. 1999). The true range of results from pooled data
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varies from 0% to 100%, depending upon species and kit (Bascomb & Manafi 1998). 
The degree of correlation in the present study was relatively high.
The evaluation of kits for identification of enterococci and staphylococci is more 
extensive because of their medical importance (Bascomb & Manafi 1998). The 
enterococci are coded for in most Streptococcus kits for obvious reasons and most 
provide a relatively accurate identification (Murray 1990). However, some systems 
may be better than others, as for example in the comparison between Vitek and API 
20S, the former was more effective (Sader et al. 1995). The results were broadly 
corroborated in a study on Vitek 2 system but half the misidentifications were for E. 
faecium (Garcia-Garrote et al. 2000). Numerous conventional test schemes have 
been proposed, some extensive (Facklam & Collins 1989, Manero & Blanch 1999) 
and others purportedly practical (Willey et al. 1999, Day et al. 2001) but none was 
able to give 100% identification.
5.4.2.2 Lactobacillus species
There was always agreement on the identity of Lactobacillus species at either 
species (6/19) or genus level (13/19) between 16S and enzyme tests but the 
identities were not always made with confidence. Further clarity would be required 
for the majority of these strains. This is confirmed by the broader literature (Song et 
al. 1999, Nigatu 2000).
The database for Lactobacillus strains appeared to accept that there was 
variation within this genus by virtue of the fact that each species had 2 or more 
standard strains. Therefore, although a wider range of variation was acceptable, 
there were still discrepancies. Only Lactobacillus rhamnosus displayed typical test 
result discrepancies (glycerol, manitol, sucrose, melezitose, starch, D-tagatose). The 
“acceptability” of scores seemed to be related to individual test results as numbers 
of discrepancies did not always correlate with them, perhaps explainable by 
weighted algorithms.
These observations were mirrored in the dendrogram for Lactobacillus strains 
(Figure 5.2a). Some strains clustered with their standards and others did not (L 
fermentum, L. brevis). A number of strains clustered separately (821, 793 [with L. 
acidophilus]).
The accuracy of the API 50 CH for identification of Lactobacillus strains is said to 
be dependent upon the temperature at which the tests are incubated. BioMerieux 
recommend 30°, 37° or 55°C, but incubation at the more widely used 37°C gives 
different test profiles from 30°C (Charteris et al. 2001).
Comparative studies have found that Lactobacillus gasseri and L. crispatus are 
misidentified as L  acidophilus using API 50CHL (Song et al. 1999), confirming the
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findings in this study. The study found only 30% of strains was correctly identified, 
but L. casei, L. rhamnosus and L  salivarius were reliably identified. They 
recommended a polyphasic integration of phenotypic and genotypic (DNA/DNA 
hybridisation) data. Such discrepancies were also observed in another study using 
RAPD profiles, DNA/DNA reassociation and API 50CHL but extended to L. casei 
and L. rhamnosus (Nigatu 2000).
5.4.2.3 Staphylococcus, Micrococcus and Kocuria species
Staphylococcus species were similarly matched in identity at species (13/23) and 
genus (9/23) level by 16S and enzyme tests, with only one strain giving “no match”. 
The majority of biochemical identities were, however, rated unacceptable. There 
was therefore a lack of refinement in identification to species level using the enzyme 
test kit, although a high proportion were gauged correctly to at least the genus level. 
There was good agreement for the Micrococcus strains to species level (5/6) with 
relatively good confidence in the scores.
The acceptance of Staphylococcus test results varied from “unacceptable” to 
“good”. In the case of S. epidermidis, this was without significant numbers of 
discrepant test results, those that were commonly different were ornithine 
decarboxylase, sucrose and pyrrolidonyl arylamidase. There were other minor 
variants but these did not obviously account for the variation in the validity scores. In 
the case of S. warned, arginine dihydrolase and novobiocin were commonly 
discrepant though others were on an individual strain basis, but could not account 
for the “validity” scores. The validity scores for the species S. aureus, S. sciuri, S. 
hominis and S. intermedius were all “unacceptable”. It was difficult to pinpoint 
common test variants, which were scattered throughout the range of tests. Instead it 
was easier to identify test results that were constant.
The results for Micrococcus luteus were relatively constant with 2 common 
discrepancies, pyrrolidonyl arylamidase (positive) and novobiocin (negative). 
Despite the constancy of results between the strains some validity scores were 
better than others, which was a concern. The data were rechecked to ensure 
absence of transcription errors.
The difficulty in discriminating between the Staphylococcus species is apparent 
from the clustering together of the “standards” for S. aureus, S. epidermidis, and S. 
hominis as well as the mixed clustering of some of the strains identified as these 
species. This may be because the conversion of percentage data to binary format 
blurred the small differences between the standards. In addition, the observation 
also shows that the root canal isolates were distinct enough from the standards to 
cluster separately. Strain 1291b was grouped with another poorly identified strain
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(P36 -  Staphylococcus sp.). The probable influence of the algorithm was once again 
evident in the fact that strain 703 was identified as Kocuria kristinae rather than its 
closest cluster partner K. varians.
Dendrogram analyses (Figures 5.3a and 5.3b) for Staphylococcus species 
demonstrated close relationships between like-species. Interestingly, 
Staphylococcus sciuri (696a, 721a) were named Rothia mucilaginosa by 16S gene 
sequencing. What is more, 721b, which was also named Rothia mucilaginosa by 
16S sequencing and had clustered with 721a, was given the name Micrococcus 
luteus by biochemical tests and clustered with its respective group in the 
biochemical dendrogram.
The variability of present findings is confirmed in other studies. The STAPH- 
IDENT system performed reasonably for some commonly encountered species (S. 
epidermidis 97%, S. hominis 82%, S. aureus 77%) but poorly for less common 
species (Rhoden & Miller 1995). In another study, StaphID 32 and Staph-Zym 
systems were comparable in identifying 82% of clinical isolates but both gave 
misidentifications (Renneberg et al. 1995). The MicroScan Rapid Gram-Positive 
Identification panels were thought to represent an improvement over previous 
panels for identification of Staphylococcus species but highest identification rates 
were 95% (Weinstein et al. 1998). A more recent evaluation of a modification of the 
system (MicroScan Walkaway) gave similar results (Saa et al. 1999). The API 20 
Staph was able to identify 68% of isolates precisely, but ID 32 Staph and additional 
tests were necessary to identify the remainder (Minto et al. 1999). Another study 
reported successful identification with ID 32 Staph and Staph-Zym systems in 77% 
and 94%, respectively (Thorberg & Brandstrom 2000).
Identification of Staphylococcus epidermidis by API Staph-ldent and MicroScan 
failed to identify all of them but the use of species-specific PCR enabled correct 
identification (Martineau et al. 1996). Similarly Wieser & Busse (2000) were able to 
identify Staphylococcus epidermidis reliably using ERIC and BOX-PCR when the 
identities using API Staph ID 32 gave probabilities of 80%-95%. Various other 
genes such as SodA are thought to be reliable ways of discriminating between these 
species (Poyart et al. 2001). The molecular approach therefore offers more reliable 
identification in this group of bacteria.
5.4.2.4 Actinomyces species
There was some difficulty in obtaining agreement on species identity of Actinomyces 
strains by the 16S and enzyme test approaches. Only 1/7 was matched to species 
level and others were to genus level but with a high proportion of unacceptable 
scores. These could be attributed to the designation of a new species, Actinomyces
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radicidentis (Collins et al. 2000a, Kalfas et al. 2001), which is recognised by the 16S 
rRNA database but not the biochemical database yet.
The Actinomyces naeslundii and A. viscosus species were not easily 
differentiated by the test kit. Their standard profiles were very similar. The common 
test discrepancies included a-arabinosidase and indole, however the majority were 
rated “low discrimination”. The other two strains (A. odontolyticus, A. sp.) of this 
genus displayed a number of test discrepancies (5 and 7, respectively) and were 
rated “unacceptable”.
Interestingly, the Actinomyces strains (857, 786, 854, 858, 859) clustered 
together in the biochemical dendrogram as A. naeslundii/viscosus. According to the 
16S rRNA sequence identities all except 786 corresponded with Actinomyces 
radicidentis. Using routine procedures to identify Actinomyces radicidentis in clinical 
samples, their close resemblance to Staphylococcus can complicate classification. 
Nevertheless, the biochemical profile of A. radicidentis differs from Staphylococcus 
species, in that it produces succinic acid, together with acetic acid and lactic acids 
from cultures in glucose-containing media (Kalfas et al. 2001). This new species 
was proposed on the basis of phylogenetic and phenotypic evidence (Collins et al. 
2000a). It has been suggested that culture recovery of Actinomyces species from 
clinical material is difficult and identification on morphological and biochemical 
criteria problematic and time-consuming. It is further complicated by a broad range 
of strain variation within the species (Slack & Gerencser 1975, Borssen & Sundqvist 
1981, Gohean etal. 1990, Collins etal. 2000a).
The findings in this study are mirrored in other studies. The identification rates 
for Actinomyces strains depend upon the species and test kit used but still the 
degree of accuracy is low. RapID ANA II was able identify all A. odontolyticus but 
only 65% of A. israelii (Brander & Jousimies-Somer 1992). The same study also 
showed that API ZYM could also be used for preliminary identification but additional 
tests were needed. Another study compared An-IDENT with RapID ANA II and 
found the overall accuracy to be 24% and 59%, respectively (Miller et al. 1995); they 
too recommended supplemental tests. This observation was corroborated by 
Clarridge & Zhang (2002) who alluded to the misidentification by the enzyme tests, 
which lacked a sufficient depth of strains in the database. They found the genus to 
be complex and that this would compromise biochemical identification.
5.4.2.5 Slackia or Eubacterium-like species
None of the Slackia strains obtained a matching identity using the two approaches, 
yet most had acceptable scores indicating firm biochemical identification that was 
not matched by 16S rRNA. Again, this may be attributed to changes in
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nomenclature and classification that has not yet been adopted by the biochemical 
database.
One of the unique features of the anaerobic test kit was that the “standard” test 
profiles contained few positive results. Eubacterium lentum, for example, had only 
two positive tests out of 32. Yet the profiles for the strains tested had several 
common discrepancies, including indole, alkaline phosphatase, proline arylamidase, 
leucyl glycine arylamidase and pyroglutamic acid arylamidase. They were still 
scored as “good”. One of the 2 “low discrimination” scores (P68) could not be 
accounted for as the results were the same as for other strains.
The range of successful identification of “anaerobic” bacteria varies from study to 
study: 62%-100% depending on the species under test, details of test conditions 
and the test kit used (Karachewski et al. 1985, Murdoch et al. 1988, Pattyn et al. 
1993, Ng etal. 1994).
5.4.2.6 The problem of identification
Other genera with no matches between the 16S rRNA and enzyme test 
identifications included Dialister, Lactobacillus, Atopobium, Olsenella, Rothia, 
Bacillus, Gemella and Propionibacterium. Some of these taxa have also been the 
subject of recent changes in classification and nomenclature (Charfreitag & 
Stackebrandt 1989, Whiley & Beighton 1998, Collins et al. 1998, Tannock 1999, 
Collins et al. 2000b, Doan et al. 2000, Dewhirst et al. 2001, Joung & Cote 2002). 
The data suggest that the enzyme test kit is capable of identifying the commonly 
known species at least to genus level but it is not independently capable of resolving 
species for some of the commonly occurring root canal isolates and most of the 
uncommon strains. The problem raises the question of what constitutes an 
adequate identification. In many instances in this study, two methods of identification 
gave quite different species designations with “equal” confidence. In many clinical 
laboratories, either of these independently may be accepted as the true identity, and 
indeed, in many endodontic microbiology studies they have been. The final answer 
must depend on the utility of the identification, perhaps in many cases the estimate 
provided is adequate for the purpose of the study but if the identification is to answer 
significant questions about aetiology of disease or treatment failure, then the 
discriminatory power of the identification methods needs to be greater.
Standardisation in the approach to identification has been provided by manuals 
such as Bergey’s and VPI. These have guided workers in laboratories across the 
world when phenotypic tests are used. With the increasing use of 16S rRNA and 
enzyme test kits, some standardisation is required for the former approach as well
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as guidance to the polyphasic identification of strains that may not be easily 
identified by means of one method alone (Murray et al. 1990, Palys et al. 1997).
The algorithm for the API kits was obtained from BioMerieux upon request. The 
test outcomes depend upon the biochemical profile for each isolate and the 
database that gives the percentage of positive reactions for each combination of 
taxon/test. The comparison is made by calculating the relative proximity to the 
different taxa of the database (% ID) and its proximity to the most typical profile in 
each taxon (T index). The most typical profile is the one that has no tests against the 
percentages in the database. Apart from the database, the frequencies of 
occurrence of the observed reactions are calculated and incorporate the risk of error 
due to visual reading for each test individually; these lead to the frequencies of 
occurrence of the reactions for the most typical profile. The frequency of occurrence 
of the profile is generated by multiplying together all the frequencies of occurrence 
of the reactions. If the isolate under test is close to one of the taxa in the database, 
the frequency of occurrence will be high but if one or more test results are different, 
this value will be reduced. Transformation of the frequencies of occurrence into 
relative frequencies gives the identification percentage (% ID). The taxa are 
classified in order of decreasing values of % ID. A modal frequency is obtained for 
each taxon by calculation of the ratio of “frequency of occurrence of profiles 
observed” to the “frequency of occurrence of the most typical profile”. The ratios are 
calculated for the first 4 taxa and the one with the highest value is selected. A “T 
index” is calculated from the log value of the modal frequency and log of the number 
of tests in the database; its value varies from 0-1. The final result is based on the % 
ID and “T index”. They are expressed as:
Excellent % ID > 99.9 and T £ 0.75
Very good % ID > 99.0 and T > 0.50
Good % ID £ 90.0 and T £ 0.25
Acceptable % ID > 80.0 and T £ 0
The ID is to taxon if only one taxon is selected, or to species if all 4 taxa belong to 
the same species, or to genus if they belong to different species. Doubtful profiles 
are generated when several tests go against the present ID and unacceptable 
profiles arise when the number of choices is zero (BioMerieux 2002, personal 
communication).
The conclusion is that each test contains a weight by virtue of its readability and 
frequency of occurrence for a given taxon. The difficulty in identification of anaerobic 
species with few positive test reactions is clear as the weighting on the positive tests
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will be more acute but expected negative tests may also be weighted in the opposite 
direction.
The problem of the accuracy of enzyme test kits in bacterial identification has 
been reviewed in detail by Bascomb & Manafi (1998). The overall conclusion was 
that the utility of test kits was dependent upon the vagaries of the procedures 
involved, their flexibility, selection of the right set of tests and the existence of the 
taxon under test (or its close relative) in the database. For example, the difficulty of 
identifying veterinary isolates using the RaplD-ANA system is well reported, 14% of 
the isolates were incorrectly identified at genus level and 4.4% were not identified. It 
was suggested that the system would be more useful once its database was 
extended to include veterinary anaerobes (Adney & Jones 1985). Similarly, the 
RAPID ID 32A was found capable of identifying over 96% of the isolates as long as 
the database contained the relevant species (Pattyn et al. 1993). The same 
probably applies to the endodontic isolates, given the differences apparent between 
them and the standard profiles in this study.
It is apparent that the grouping of a set of isolates is dependent upon the tests or 
characteristic chosen to make comparisons. Most bacteria in routine diagnostic 
laboratories will probably continue to be identified by classical methodology, which is 
cheap, adequate, and readily available. For new, atypical isolates or where bacteria 
are isolated from new sources, a straightforward identification by one single method 
is often not possible and several methods are needed. The most direct approach is 
first to place the isolate in the phylogenetic framework and then to determine its finer 
relationships by using a polyphasic approach. However, this is prone to subjectivity, 
although it is common practice to use phylogenetic tree reconstruction. The 
comparison of diverse data sets is complicated by the lack of objective methodology 
to merge them into a unified picture. There is a need to develop new methods of 
data fusion or aggregation. One solution could be found in the now established 
theory of fuzzy logic (Kosko 1994). In this approach, bacteria would not have to 
belong to a single cluster (van Damme et al. 1996). A search of the electronic 
databases revealed only one further reference to the use of fuzzy logic in 
microbiology (Luo et al. 1995). Fuzzy logic is used in medicine to integrate eastern 
and western approaches to medical diagnoses and suggest the potential of the 
approach in integrating diverse data sets (Phuong & Kreinovich 2001).
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5.5 Conclusions
The following conclusions were drawn:
There was a considerable difference in the identification of isolates using the 
enzyme test kits compared to the 16S rRNA gene sequence approach: the identities 
of 80/177 (45%) strains matched perfectly at the species level; the identities of 
127/177 (72%) of the strains matched at the genus level; the identities of 50/177 
(28%) strains did not match even at the genus level.
The different identities changed the profile of overall species richness of the 
isolates as well as their profile within individual teeth, giving lower mean values of 
species/genera per tooth. However, these mean values remained above those of 
other contemporary studies. The inference is that the greater species richness in 
this study is probably due to a combination of sample type, method of sample 
retrieval, cultivation and identification procedures.
A relatively high 38% of the isolates were given identifications that were 
regarded as “unacceptable” by the biochemical databases. There was a higher 
prevalence of such scores for some bacterial groups than others.
Bacteria from the treated teeth seemed to be more difficult to identify; there was 
a higher proportion of unacceptable scores in the treated group (46%:32%).
Analysis of the profile of enzyme test results and their comparison with “standard 
species” profiles did not show a direct correlation between number of discrepant 
tests and the confidence score. This was accounted for by individually weighted 
tests for specific taxa.
The dendrograms were a useful way of comparing groups of bacteria directly 
without weighting individual tests. Whilst most bacteria still clustered with their 
“standards”, others did not. Like-root-canal-isolates clustered together but 
sometimes separately from their respective standard strains suggesting that they 
may be variants of the species. Isolates from treated or untreated teeth tended to 
cluster together with those from similar sample origins. Therefore strains from 
untreated or treated teeth may each be adapted to their unique environments.
Commercial enzyme tests should not be used for bacterial identification 
exclusively. They should be supplemented with other confirmatory tests.
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Chapter 6
Identification and typing of selected groups of 
isolates using the 16S-23S intergenic spacer region
6.1 Introduction
The difficulty encountered in proving definitive cause/effect relationships between 
specific bacteria and periapical disease progression, or acute symptoms, or 
treatment resistance, or treatment failure, may be related to inaccurate identification 
of species or possibly to subspecies strain variation. Results of previous chapters 
suggested the possibility of considerable strain variation within species. Numerous 
genomic approaches are available for typing bacterial isolates (Gurtler & Mayall
2001) but this chapter sought to examine the utility of the 16S-23S intergenic 
spacer region for the purpose of confirming identity and distinguishing between 
different genetic variants of the same species (Gurtler & Stanisich 1996). The 
taxonomic utility of the 16S rRNA gene is well established (Woese 1987, Amann et 
al. 1995) but the proximity of sequences for similar or closely related species does 
not easily allow differentiation between them using this method alone (Stackebrandt 
& Goebel 1994). The adjacent 5S and 23S genes in contrast have been relatively 
little used so far. The genes coding for the rRNAs exhibit an operon organisation 
that is consistent within bacteria. The operon organisation consists of a promoter 
region followed by a sequence coding for the 16S rRNA, a spacer or intergenic 
sequence (which in some instances may contain coding for tRNAs), the 23S rRNA 
coding sequence and the sequence coding for the 5S rRNA. This arrangement is 
present in the genome in multiple copies and the number of operons present can 
vary from one group of organism to another. Available full sequence data on such 
operons shows considerable sequence and length variation in the 16S-23S 
intergenic spacer region as it is not under the same selective pressure as the rRNA 
structural genes (Barry et al. 1991, Nagpal et al. 1998). The fact that many bacteria 
have multiple copies (alleles) per genome of the rRNA operon has led to the 
suggestion that spacer variations between strains, species and genera may be used 
for identification and typing purposes (Barry et al. 1991, Gurtler & Stanisich 1996). 
Characterisation of the intergenic spacer region has been considered an important 
supplement to 16S rRNA gene sequencing, particularly for comparing the proximity 
of closely related bacterial species (Jensen et al. 1993).
However, a degree of caution has been suggested as it is not clear whether the 
variation inherent in the multiple operons of the same strain is greater than the
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variation of operons between separate strains (Garcia-Martinez et al. 1996, Nagpal 
et al. 1998). In contrast to the 16S rRNA gene, the interspace region exhibits 
considerable variation in structure between multiple operons within a single 
genome. In some operons, the region may contain one or more tRNA genes 
whereas in others, contains none. If this variability is as great or greater within 
strains as it is between strains of closely related organisms, this would preclude 
species differentiation in some instances (Nagpal etal. 1998).
Amplification of the intergenic region requires conserved regions in the genes 
flanking the spacer region and these options have been reviewed by Gurtler and 
Stanisich (1996). Primers for the 16S rRNA side of the genomic region are well 
established because of comprehensive sequence data but those available for the 
23S rRNA side are comparatively lacking, though rapidly increasing with time. The 
sequence data in existence reveal at least 6 conserved regions within the first 520 
bp of the 23S gene. Based on sequence conservation and other amplification 
variables such as the ability of Taq polymerase to bind, Gurtler and Stanisich (1996) 
recommended a set of primers that would be optimal. They identified 4 primer sites 
within the 16S gene (numbered 1-4) and 6 sites in the 23S gene (numbered 5-10). 
They considered that amplification of the intergenic region was most likely to be 
successful using sites 2 and 10 for priming. After examination of the aligned 
sequences presented for different species in the paper, it was decided that for the 
group of isolates to be tested in this study, the region of site 7 in the 23S gene 
would be optimal. The intergenic spacer region has been used to identify 
Staphylococcus species (Maes et al. 1997, Mendoza et al. 1998) and Enterococcus 
species (Tyrrell et al. 1997, Molander et al. 2002). The last of these evaluated 
enterococci of endodontic origin.
6.1.1 Aims
The aims of this chapter were to:
• confirm the 16S identification groupings within selected isolates from both
root-treated and untreated teeth, using the 16S-23S intergenic spacer
region;
• detect strain variation amongst these isolates;
• use Restriction Fragment Length Polymorphism (RFLP) to distinguish
between the strains, where no differences were revealed by 16S-23S PCR
amplicon size.
210
Chapter 6 -  16S-23S intergenic PCR
6.2 Materials and methods
The basic strategy was to amplify the 16S-23S intergenic region by PCR. All the 
general precautions described in Chapter 2 about PCR procedures were adhered 
to. The primers selected were based on Gurtler & Stanisich (1996) and were: 
from region 7 of 23S (nucleotides 188-208), called 7-188r (shortened to 188r)
5' -  G GTACTTAG AT GTT CAGTT C 
from region 2 of 16S (nucleotides 1390-1407), called 1407f 
5' -  TTGTACACACCGCCCGTC 
from region 3 of 16S (nucleotides 1491-1506), called 1506f 
5' -  AAGT CGTAACAAG GTA 
The PCR protocol for a 100 pi reaction mixture was:
Reaction agent Cone" Volume Quantity
Primer 1407f or 1506f (10 pM) 4.0 pi 40 pmol
Primer 188r (10 pM) 4.0 pi 40 pmol
dNTPs (2 mM) 4.0 pi 80 pM
MgCI2 (50 mM) 5.0 pi 2.5 mM
Buffer (x 10) 10.0 pi x 1
Taq polymerase (5 U Ml1) 0.3 pi 1.5 U
H20 70.7 pi
DNA 2.0 pi
The details of the procedures adopted were described in Chapter 2.
The template consisted of extracted bacterial DNA (Chapter 2) and the 
concentrations used were 10°, 10“1, 10"2 in three separate PCR reactions. The 
negative control consisted of sterile distilled water as the template and E. coli boiled 
preparation as the positive control for the PCR.
The thermocycler used was either the Primus or the UNO II as in Chapter 2.
The programmed cycle consisted of:
Step 1 initial step 
Followed by 30 cycles of 
Step 2 denaturation 
Step 3 annealing 
Step 4 extension 
Step 5 penultimate step 
Step 6 final step
94°C for 5 minutes
94°C for 1 minute 
54°C for 1 minute 
72°C for 2.5 minutes 
72°C for 5 minutes
4°C until the cycler was manually turned off 
and the PCR reaction products stored at 4°C 
or -20°C or run on a 1% agarose gel.
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Once positive PCR reactions were obtained for each isolate, the best product 
(judged by quality of band on gel) was selected from each isolate and the products 
for all common groups of isolates run against 1 Kb ladder on a 2% superfine 
agarose (Ameresco, Ohio, USA) gel.
The isolates were tested in the following groups: Streptococcus anginosus, other 
Streptococcus species, Enterococcus faecalis, Staphylococcus species and 
Lactobacillus species.
If no differences were discernible by PCR amplicon size and pattern, then the 
PCR products were digested by restriction enzymes Cfo I and Hae III (Promega, 
Southampton, UK).
The protocol consisted of:
Buffer (x 10) 2.5 pi
PCR product 21.5 pi
Restriction enzyme 1.0 pi
The mixture, in a 1.5 pi microfuge tube was incubated at the appropriate 
temperature overnight. At the end of the incubation period, the reaction was stopped 
by adding loading buffer (1 pi) and the contents run on a 2% superfine agarose gel 
at 70 V.
6.3 Results
The results are depicted in the final 2% gel views of the PCR products, grouped into 
the unique bacterial groups (Figures 6.1-6.7). The bacterial groups are depicted as 
follows: Streptococcus anginosus strains (Figure 6.1). Streptococcus anginosus 
strains that required RFLP analysis using Cfo I (Figure 6.2) and Hae III (Figure 6.3), 
other Streptococcus species (Figure 6.4), Enterococcus species (Figure 6.5), 
Staphylococcus species (Figure 6.6) and Lactobacillus species (Figure 6.7).
To clarify strain origin in the text, those from untreated teeth are given in blue 
font and those from treated teeth in red. The lactobacilli were all from treated teeth. 
As in previous chapters, genus names derived from £ 91% 16S sequence homology 
are given in bold and species names derived from £ 98% sequence homology are 
given in bold. Where a group of same-species strains are referred to, the species 
name is only emboldened if £ 50% of the strains had £ 98% sequence homology. 
Biochemical identities are given in bold depending upon their validity scores as 
defined in Chapter 5.
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Figure 6.1a Gel view showing 16S-23S intergenic PCR products for 
Streptococcus anginosus strains (tentative ID)
3054 bp 
2036 bp 
1636 bp
1kb P25 P37bs P38a 689 P39 345a 354 357 361 374 383
P21 P35 P37bl P38b P38bl P40 345c 356 358 363 378 1kb
n  n
1018 bp
506 bp 
396 bp 
344 bp 
298 bp 
220 bp
Figure 6.1b Gel view showing 16S-23S intergenic PCR products for 
Streptococcus anginosus strains (continued)
1 kb 393 414 1287as 1287b
395 1287a 1287ar 1kb
3054 bp------
2036 bp------
1636 bp------
From Figure 6.1, 3 amplicon patterns were evident: the first type is displayed by 
isolates P21 and P35, which were subsequently redesignated Streptococcus 
intermedius; the second type was that shown by strain 689 and was later redesignated 
Staphylococcus epidermidis (although not definitively, 89% sequence homology); whilst 
the rest were identical and were confirmed as Streptococcus anginosus. Given the lack 
of differentiation of the majority of isolates by this approach, the 16S-23S amplicons 
(635 bp) were digested by Cfo I. Figure 6.2 overleaf shows the band patterns revealed.
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Figure 6.2a Gel view showing restriction digest products of Streptococcus 
anginosus 16S-23S PCR amplicons using Cfo I
1kb P37bs P38a P38bl P40 345c 356 1kb
P25 P37bl P38bs P39 345a 354 357
3054 bp 
2036 bp 
1636 bp-
1018 bp-
506 bp 
396 bp 
344 bp 
298 bp 
220 bp
Figure 6.2b Gel view showing restriction digest products of Streptococcus 
anginosus 16S-23S PCR amplicons using Cfo I (continued)
1kb 1287b 1287as 414 393 378 363 358
1287ar 1287a 395 383 374 361 1kb
3054 bp 
2036 bp 
1636 bp
506 bp- 
396 bp- 
344 bp. 
298 bp- 
220 bp. 
201 bp- 
154 bp
The RFLP patterns for all strains were the same with 3 amplicon fragments (80 bp, 210 
bp, 344 bp), except that for strain 345a. This too had 3 fragments but the larger of the 
amplicons (344 bp) was missing and replaced by a smaller one of about 280 bp. As 
Cfo I was not discriminative enough, Hae III was tried in the next series of RFLP 
digests. The results are shown in Figure 6.3 overleaf.
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Figure 6.3a Gel view showing restriction digest products of Streptococcus 
anginosus 16S-23S PCR amplicons using Hae III
1kb P37bs P38a P38bl P40 345c 356 1kb
P25 P37bl P38bs P39 345a 354 357
Figure 6.3b Gel view showing restriction digest products of Streptococcus 
anginosus 16S-23S PCR amplicons using Hae III (continued)
1kb 361 374 383 395 1287a 1287ar 1kb
358 363 378 393 414 1287as 1287b
2036 bp 
1636 bp
1018 bp
506 bp 
396 bp 
344 bp 
298 bp 
220 bp 
201 bp 
154 bp
The Hae III RFLP patterns revealed 3 strain types:
• strain P25 had 3 amplicon fragments (-130 bp, -506 bp, -600 bp), where one 
was an additional larger fragment (-600 bp) compared to others (-506 bp). This 
could represent a partial digest as the parent amplicon was -635 bp;
• strains 361 and 414, which had 3 fragments (-506 bp, -130 bp, -30 bp) each, 
where one of the fragments, probably the larger (-506 bp) had split into two, 
one of which was very small (less than -30 bp);
• the rest of the strains which all had two fragments (-506 bp, -130 bp).
Figure 6.4 on the following page shows the 16S-23S intergenic amplicons for other 
Streptococcus and related species.
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Figure 6.4 Gel view showing 16S-23S intergenic PCR products for 
Streptococcus and related species
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The isolates were grouped into 6 types as follows;
Type 1 consisted of the following strains: P8I -  Streptococcus sanguinis, P26 -  
Streptococcus salivarius, P28 -  Streptococcus mitis, P30 -  Gemella sanguinis, 
P34 -  Streptococcus salivarius, 693 -  Streptococcus sanguinis, 699a -  
Streptococcus infantis and 699b -  Streptococcus infantis. They all possessed a 
single amplicon (-516 bp).
Type 2 consisted of 692 -  Streptococcus mitis and 1141 -  Streptococcus 
sanguinis. They also exhibited single amplicons but slightly smaller than the previous 
group (-500 bp).
Type 3 consisted of a solitary strain, P29 -  Streptococcus salivarius with 3 amplicons 
(-634 bp, -516 bp, -455 bp).
Type 4 also consisted of a single strain, 412 -  Gemella morbillorum, with 2 amplicons 
(-634 bp, -460 bp).
Type 5 had two strains, both belonging to the same species Streptococcus 
constellatus (125, 157), and exhibited a single amplicon (-624 bp).
Type 6 consisted of strains belonging to 3 species, Streptococcus anginosus (P10), 
Streptococcus mutans (783, 1284) and Streptococcus sobrinus (1125c). They all 
had a single amplicon (634 bp). This is similar to the majority of amplicon patterns for 
Streptococcus anginosus strains (Figure 6.1).
The amplicon patterns for Enterococcus species are shown in Figure 6.5 overleaf.
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Figure 6.5 Gel view showing 16S-23S intergenic PCR products for Enterococcus 
species
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The strains were grouped into 5 types according to number and size of amplicon(s) as 
follows:
Type 1 consisted of two species, Enterococcus faecium (387, 388) and 
Enterococcus hirae (392). The strains exhibited 3 major (-625 bp, -750 bp, -1600 bp) 
and 1 minor (-1300 bp) amplicon bands.
Type 2 strains (649, 651, 654, 655, 714, 1291a) consisted of a single species, 
Enterococcus faecalis. They displayed a similar banding pattern to type 1, except that 
all the bands were smaller and there were 2 minor bands making a total of 5 
amplicons. The 3 major amplicon sizes were -500 bp, -625 bp and -1300 bp, whilst 
the smaller bands were -730 bp and -1020 bp.
Type 3 was distinct from other strains (689) and probably belonged to another species 
{Staphylococcus epidermidis -  unconfirmed at 89% sequence homology). It had 3 
major (-630 bp, -760 bp, -560 bp) and a number of minor amplicons.
Type 4 consisted of 2 strains of Enterococcus faecalis (716, 720) that exhibited a 
similar pattern of amplicon sizes as type 2, except that they had an additional distinct 
small band (-400 bp).
Type 5 consisted of 5 strains of Enterococcus faecalis (C81, C83, C85m, C85b, 
C83I) that displayed a single amplicon (-625 bp). The band for C83I did not show on 
this gel but was identical to others in previous gel views.
The 16S-23S intergenic amplicon patterns for Staphylococcus species are shown in 
Figure 6.6 overleaf.
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Figure 6.6 Gel view showing 16S-23S intergenic PCR products for 
Staphylococcus species
1kb P12 227 AR1s AR3s KG2s P23a P16Gw 225 635 1291b 1kb
P7 P65 AR1I AR3I KG2I P16Mw P36 790 696b 727 1292
3054 bp- 
2036 bp 
1636 bp
1018 bp
506 bp N 
396 bp N 
344 bp n  
298 bp v 
220 bp^  
201 b p \
The Staphylococcus strains were divided into 7 types based on their amplicon patterns: 
Type 1 consisted of Staphylococcus epidermidis strains (P7, P12, P65, 227, AR1I, 
AR1s, AR3I, AR3s, KG2I, KG2s, 790). They displayed 3 major amplicons (-510 bp, 
-625 bp, -750 bp) and 1 minor amplicon (-1400 bp).
Type 2 were also Staphylococcus epidermidis strains (P16MW, P16GW) belonging 
to the same original colony and were therefore different colony morphotypes of the 
same species and possibly strain. They displayed an additional larger amplicon (-770 
bp) compared to type 1, and furthermore, the amplicons equivalent to sizes -625 bp 
and 510 bp were clustered closer together suggesting size difference.
Type 3 consisted of a single strain (Staphylococcus epidermidis -  P23a) that was 
similar to type 2 except that one of the amplicons was missing (-510 bp), and 2 minor 
amplicons appeared (-1300 bp, -1636 bp).
Type 4 consisted of 2 strains, each identified as separate species but exhibiting the 
same amplicon pattern (Staphylococcus epidermidis -  P36, Staphylococcus 
pasteuri -  1291b). These strains displayed a single amplicon (-625 bp), but for the 
latter strain appeared faint on the gel-view shown.
Type 5 consisted of 2 strains belonging to the species Staphylococcus hominis (225, 
696b). The 3 major band pattern was similar to type 1, but the amplicons were 
clustered closer together, and the smallest amplicon was slightly larger (-520 bp) than 
in type 1. They also exhibited 2 minor (faint), larger bands (-1250 bp, -1600 bp).
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Type 6 consisted of a single strain belonging to Staphylococcus warneri (635) with 
band pattern similar in appearance to that in type 5, except that the amplicons were all 
slightly larger and so the whole pattern appeared shifted upwards on the gel.
Type 7 consisted of 2 strains of Staphylococcus aureus (727, 1292). Again the band 
pattern was similar to type 6 but subtly different in the relative size of the amplicons, 
especially the smallest.
The 16S-23S intergenic amplicon patterns for the Lactobacillus species are shown in 
Figure 6.7 below.
Figure 6.7 Gel view showing 16S-23S intergenic PCR products for Lactobacillus 
species
1018 bp
506 bp 
396 bp 
344 bp 
298 bp 
220 bp 
201 bp
Distinction between the Lactobacillus strains was difficult as any differences were 
subtle. All gave two major amplicons at about 490 bp and another at about 700 bp. The 
relative intensity of these two fragments was sometimes different, for example in the 
case of strain 794 (Lactobacillus casei), where the smaller amplicon was more 
intense. The pair of amplicons was sometimes slightly smaller as in the case of 
Lactobacillus fermentum (820 [92% homology], 1134 [98% homology]).
It was possible to differentiate between the strains by a combination of the 
minor variations in the major amplicons and the usually fainter, minor amplicons which 
varied in number (none to three at most) and size (-800 bp to -1300 bp). The various 
types are described overleaf;
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Type 1 consisted of Lactobacillus rhamnosus (639, 640, 794a) and L. vaginalis
(794b) with 3 amplicons, though 2 of these strains also showed a faint 4th amplicon. 
The amplicon sizes were -490 bp, -700 bp, -1300 bp.
Type 2 consisted of 5 strains with 2 amplicons (-490 bp, -700 bp), though 3 of these 
belonged to Lactobacillus gasseri (779, 795, 796), one to Lactobacillus rhamnosus 
(822b) and another to Lactobacillus vaginalis (793). The first 3 had more intense 
smaller (-490 bp) amplicon bands whereas the L. rhamnosus strain had a more 
intense larger (-700 bp) amplicon.
Type 3 consisted of 2 strains of Lactobacillus rhamnosus (1012, 800a). These 
exhibited 4 amplicons, the 2 major ([intense bands] -490 bp, -700 bp) and the minor 
([less intense] -1030 bp, -1300 bp).
Type 4 consisted of 2 strains of Lactobacillus casei (797, 821) which displayed an 
amplicon pattern almost identical to type 3 except that the largest amplicon was 
fractionally smaller (-1200 bp).
Type 5 consisted of 2 strains of Lactobacillus fermentum that resembled each other 
closely but exhibited minor unique differences. They had 2 amplicons each but the 
larger of these amplicons appeared to be a doublet (820, 1134).
Type 6 consisted of a solitary strain (794 -  Lactobacillus casei) that was different 
from its counterpart strains in that it possessed only 2 major amplicons (-490 bp, -700 
bp) of which the smaller was much more intense.
Type 7 consisted of another solitary strain (780 -  Lactobacillus gasseri) that was 
different from its counterpart strains in possessing an additional amplicon (-850 bp). 
Type 8 was a solitary strain (791 -  Lactobacillus oris) that exhibited a 4 amplicon 
band pattern that was subtly different from other strains possessing similar patterns 
(types 3 and 4).
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6.4 Discussion
6.4.1 Discussion o f methodology
The PCR and RFLP methodology was already well established in our laboratory 
and in the previous work. The challenge posed by this study was to select and 
synthesise primers based on available literature and to obtain the correct amplicons 
by PCR from the isolates under test. Three primers were made but after initial pilot 
studies optimal results were obtained with only one primer set (1506f/188r), which 
was used for all intergenic spacer region amplifications. The PCR protocol needed 
small refinements for successful outcome with each bacterial group. The success 
rates are given by bacterial group in Table 6.1.
Table 6.1 Success rates of intergenic PCR by individual bacterial groups
Bacterial groups 
(no. of strains)
No. of PCRs 
3 DNA dilutions
Successful
in)
Successful
(%)
S. anginosus 
(29)
87 74 85
Other streptococci 
(18)
108 
(2 runs)
63 58
Enterococci
(17)
51 38 75
Staphylococci
(21)
126 
(2 runs)
94 75
Lactobacilli
(19)
120 
(2 runs)
38 32
Totals (104) 492 307 62
The success rate of intergenic PCR was different for each group of bacteria, 
probably reflecting different propensity for primer fidelity and sequence 
amplification. The 2% superfine agarose gel was sufficient for discrimination 
between the products. Other approaches have been used in the differentiation of 
amplicons, including denaturing gradient gel electrophoresis (DGGE) (Buchan et al.
2001) and electrospray quadrupole mass spectrometry (Johnson et al. 2000).
The 16S, 23S and 5S genes are interposed by a variety of DNA sequences that 
have a role in rRNA processing, transcription and ribosome assembly (Liiv et al. 
1998). The interposed sequences are said to fall within the interspacer region (ISR) 
and have been suggested as possessing potentially important roles in bacterial 
identification and studies of diversity (Barry et al. 1991, Garcia-Martinez et al. 1999). 
The possible presence of a ribonuclease III recognition sequence, tRNA genes 
(none, one, or two) and a boxA recognition sequence, between the 16S and 23S 
rRNA genes results in amplicons of different lengths between species and strains of 
the same species (Garcia-Martinez et al. 1999). In addition, variations in the rRNA
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operons within species may result in multiple amplicons of different sizes (Jensen et 
al. 1993, Nagpal et al. 1998). The number of operons, their genetic composition and 
amplicon patterns are known for a small number of species, including Enterococcus 
faecalis (6 operons, 2 amplicons), Enterococcus faecium (6 operons, 6 amplicons) 
and Staphylococcus aureus (9-10 operons, 10 amplicons) (Gurtler 1999). It has 
been noted that in addition to the primary amplicons, in some cases weak and 
variable secondary amplification results in products in the size range 850-1700 bp. 
Their yield is significantly lower than that of fragments in the 280-850 bp range but 
their source is not well understood (Jensen et al. 1993). The precise amplicon 
pattern may depend on the selection and fidelity of the primers as well as the PCR 
conditions (Welsh & McClelland 1992, Jensen etal. 1993, Mendoza etal. 1998). A 
number of possible sites (10) have been identified within the 16S and 23S rRNA 
genes as having adequate sequence conservation for primer design. The primers 
based on regions 2 and 7 (selected in this study) have been used successfully by 
several workers in detecting spacer variation in the species studied (Gurtler & 
Stanisich 1996). The availability of a database for ribosomal 16S-23S RNA gene 
spacer regions (> 1600 entries) may enable easier confirmation of findings (Garcia- 
Martinez etal. 2001).
This study was undertaken in parallel with other identification work, the selection 
of strains was therefore guided by initial identification, which sometimes changed 
following further tests; hence the differences in subsequent designations in some 
cases.
6.4.2 Discussion of results
Given that only 45% of strains had matching species identities using 16S rRNA 
gene sequence and enzyme profile (Chapter 5), it was felt useful to explore the 
correlations between intergenic amplicon patterns and previous results in this study. 
The subsequent discussion therefore attempts to reconcile the 16S, enzyme test 
and intergenic data and the latter in turn with other studies on intergenic PCR.
6.4.2.1 Streptococcus species
This was the largest and possibly most complex group in the study. In the first batch 
to be tested, those species initially identified as Streptococcus anginosus were run 
together (Figure 6.1). Inconveniently, some Streptococcus anginosus strains 
happened to be identified later and so were run separately with “other” 
Streptococcus species (Figure 6.4). Sundqvist (1994) also reported the 
Streptococcus anginosus group to be most common but emphasised that 
subspecies variation had not been investigated.
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Of the amplicons for the first 29 isolates run on the gels shown in Figure 6.1, 
only 3 strains were different (P21, P35 and 689). This is not perhaps surprising, 
considering that many originated from the same few teeth, but the findings do not 
tally with the reported diversity of S. anginosus (Whiley et al. 1997, Whiley & 
Beighton 1998, Bartie et al. 2000, Jacobs et al. 2000). It is also possible that strains 
1287a and 1287as (from the same colony) were marginally different.
RFLP analyses with Cfo I digestion revealed that 345a was different from the 
other strains, whilst Hae III restriction grouped strains P25, 361 and 414 separately 
from the rest. It is possible that the 3-amplicon pattern for P25 was due to partial 
digestion of the parent amplicon and not a true variant. These indicate that although 
the amplicon size was identical, there were certain base substitutions resulting in 
different RFLP patterns.
The “different” strains did not meet the criteria for acceptable identification in 
previous chapters, in fact, the identities of strains P21 (98% homology) and P35 
(96% homology) had subsequently been modified to Streptococcus intermedius, 
even though the biochemical profile had still identified P35 as Streptococcus 
anginosus (good confidence). The difficulty in distinguishing between the umilleiT 
group is common knowledge in bacterial systematics. S. intermedius is 
phenotypically readily distinguished from S. anginosus or S. constellatus, however 
the latter two are less readily separated by this means. The use of 16S-23S 
intergenic spacer polymorphism has been said to offer a valuable adjunct to 
discriminating between these species (Whiley et al. 1995, De Gheldre et al. 1999). 
The results in this study confirm these findings. The ability to discriminate between 
these species is important because of their differential association (S. intermedius 
and S. constellatus more frequently than S. anginosus) with acute abscesses 
(Whiley et al. 1995).
The “identity” of strain 689 had been revised to Staphylococcus epidermidis 
(only 89% sequence match), but interestingly, it had been previously identified as 
Streptococcus anginosus by biochemical means (though rated unacceptable 
profile). There is sufficient inconsistency here to suspect that strain 689 is a novel 
species and should be fully characterised.
Strain 345a was given the Streptococcus anginosus identity by 16S (97% 
sequence similarity) but was named Streptococcus mutans (excellent match) by the 
biochemical approach. Such a margin of error is difficult to reconcile and not 
previously reported by those comparing phenotypic and genotypic identification of 
the “milleri” group of streptococci (Clarridge etal. 1999). In fact, the biochemical test 
profile for 345a deviates from the S. mutans standard by only one test result and is
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at variance with the standard profile of S. anginosus. Overall, the suggestion is that 
this is a variant of the other S. anginosus strains. Strain P25 was identified as S. 
anginosus by all approaches as were strains 361 and 414.
Discounting the RFLP pattern as a partial digest, the study suggested the 
presence of two strain types using the restriction enzymes. Similarly, the use of Hae 
III to restrict a 1 kb fragment incorporating the rRNA operons of group A 
streptococci revealed only two ribo-types, although several fragments were resolved 
(Sriprakash & Gardiner 1997).
Strains 1287as (97% homology) and 1287ar (98% homology) were smooth and 
rough colony morphotypes of the same species, originating from the same colony 
but appeared to be marginally different based on the intergenic region amplicons 
(Figure 6.1b), though not during RFLP analysis. The colony morphotypes separated 
after numerous subcultures and were difficult to isolate.
Figure 6.4 depicted the differences between the remaining Streptococcus 
species. Collectively it presented 6 groups, some of which were not homogenous by 
species identity whilst same-species strains were sometimes grouped separately. 
The strains in the group labelled type 1 (P8I, P26, P28, P30, P34, 693, 699a, 699b) 
were heterogenous according to their name designations, although several strains 
belonged to the “mitis” group. Only P26 and P34 had £ 98% sequence homology. 
Type 2 strains (692, 1141) also exhibited different identities (S. mitis and S. 
sanguinis, with good matches, respectively) but again both belonged to the “mitis” 
group. This suggests that the “mitis” group species (S. mitis and S. sanguinis) 
exhibited two strain types each, based on this approach. Strains P8I (95% 
homology) and 1141 (98% homology) (both S. sanguinis), had slightly different 
intergenic spacer amplicon lengths. S. mitis (16S rRNA identity) strains P28 (type 1) 
and 692 (type 2) were labelled as S. intermedius and S. oralis, respectively by 
biochemical profile. The division of S. sanguinis into two types was also evident in 
an investigation of the species based on phenotypic and genotypic characters, 
involving the use of AP-PCR, 16S rRNA and 16S-23S rRNA gene sequencing (Pan 
etal. 2001).
Strains P30 (Gemella sanguinis) and 412 (Gemella morbillorum) gave different 
intergenic amplicon lengths as well as number of amplicons and were accordingly 
grouped as type 1 and type 4, respectively; the former had 97% sequence match. In 
fact, P30 was given the name S. intermedius and 412 the name S. anginosus by the 
biochemical approach. There is therefore some consistency by some measures but 
variation by other measures. The final grouping and naming of strains is therefore 
entirely dependent upon the characteristics measured.
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Strains P34 (98% homology) and P29 (97% homology) were grouped separately 
by intergenic amplicon profile into types 1 and 3, respectively, although both were 
identified as S. salivarius. Strains 125 (97% homology) and 157 (95% homology) (S. 
constellatus) were grouped together by intergenic amplicon profile, however 157 
was sufficiently different biochemically to be named S. anginosus by biochemical 
test outcomes.
The strains in intergenic amplicon grouping type 6 were also heterogenous with 
two S. mutans species (783, 1284), one S. anginosus (P10) and one S. sobrinus 
(1125c) strain, although 783 was labelled S. mitis biochemically. P10 did not cluster 
with any of the type 6 species either on the 16S phylogenetic tree or biochemical 
dendrogram but the rest did (Figures 4.4 and 5.1b). It was labelled S. mutans by 
biochemical profile. This cluster clearly belongs to the “mutans” group although 
strain P10 seems to be an outlier.
The impression of inconsistencies in the results is largely a function of the 
differences in the labels (or names) accorded the strains on the basis of the 
characteristic measured. As a general rule, streptococci belonging to the same 
phylogenetic groupings (Kawamura et al. 1995, Whiley & Beighton 1998) tended to 
cluster together. It is now well recognised, paradoxically, that whilst the same 
species may exhibit different 16S-23S intergenic spacer amplicon patterns, different 
species may exhibit the same amplicon pattern (Baele et al. 2001); an observation 
confirmed in the present study.
Taken collectively, different character measures are sometimes reinforcing and 
at other times contradictory; if subspecies strain variation exists, this observation 
should be expected. Labels or names given on the basis of isolated character 
measures should remain tentative. It is likely that other measures of genetic 
diversity would reveal still further variations.
It is difficult to compare the findings with those of different studies in this area 
because of variations in the primers selected and the laboratory procedures used to 
depict outcomes. Even with protocol standardisation, minor variations in outcome 
are likely although on the whole good reproducibility is obtained (Baele et al. 2001).
6.4.2.2 Enterococcus species
The 16S-23S intergenic amplicon profiles of the Enterococcus species were 
depicted in Figure 6.5 and showed five distinct patterns. The type 1 (387, 388 [E. 
faecium] and 392 [E. hirae]) strains all clustered together in the biochemical 
dendrogram (Figure 5.1b), however only 387 and 392 grouped together in the 16S 
phylogenetic tree (Figures 3.2 and 4.5) but none had acceptable sequence 
matches. Overall, the suggestion is that there were distinct corroborated similarities
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between these strains although they were not identical and, furthermore, were all 
distinct from the other strains.
The type 2 strains (649, 651, 654, 655, 714, 1291a [E. faecalis]) all clustered 
together by 16S gene sequence and in addition were grouped together with the type 
4 strains (716, 720 [E. faecalis]) (Figure 4.5), indicating that the intergenic amplicon 
profile was more discriminating of the subtypes present. The biochemical profiles 
drew slightly different groupings, with type 2 strains (649, 651, 654, 655) clustering 
with 720 from type 4. Strain 714 and 716 from types 2 and 4, respectively grouped 
together, whilst 1291a was identified separately as S. mutans (Figure 5.1b). All 
except 649 and 716 had acceptable sequence homology (> 98%). The biochemical 
differentiation of Enterococcus from Streptococcus species is not always 
straightforward (Facklam & Collins 1989).
Type 3 consisted of a single strain, 689, reported previously as Staphylococcus 
epidermidis and Streptococcus anginosus but which was at one point identified as 
E. faecalis. The strain was clearly unique.
Type 5 strains (C81, C83, C85m, C85b, C83I [E. faecalis]) all clustered together 
in the biochemical dendrogram (Figure 5.1b), separate from the other strains. There 
appeared to be strong evidence for the distinctness of this cluster of strains.
The emergence of Enterococcus species as important nosocomial pathogens 
(Jones et al. 1995, Jeljaszewicz et al. 2000) especially vancomycin-resistant strains 
(Jones et al. 1995, Tyrrell et al. 1997) provided the impetus for early, easy and 
accurate identification and determination of antibiotic resistance profiles (Dutka- 
Malen et al. 1995, Kohner et al. 1997, Knijff et al. 2001b). The amplicon profile of 
the 16S-23S intergenic spacer region has been targeted as one of the prime 
methods of identification (Tyrrell et al. 1997, Baele et al. 2000, Molander et al.
2002). Tyrrell et al. (1997) investigated a broad range of enterococcal species and 
found a range of amplicon sizes and numbers that were difficult to resolve, except 
by a 6% non-denaturing acrylamide-bisacrylamide gel. They reported that the 
majority of E. faecalis isolates possessed two major bands and that some strains 
appeared to have doublet bands that ran very close together. The latter observation 
tallies with findings in this study but in general the observations in the present study 
appear to be different from theirs, perhaps because of the source of the strains. 
They further reported that strains of E. faecalis and E. hirae may be difficult to 
distinguish and that E. faecium and E. hirae had quite distinct amplicon profiles. In 
fact, in this study, E. hirae was grouped with E. faecium (from which it was only 
distinguished with difficulty) and was distinct from the E. faecalis strains.
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Baele et al. (2000) were able to distinguish between several species by using 
capillary electrophoresis to separate the amplicons; a method they considered 
reliable and cost-effective.
Molander et al. (2002) set out to determine the possibility of identifying E. 
faecalis and E. faecium strains from root canals using previously published (Barry et 
al. 1991, Jensen etal. 1993, Tyrrell etal. 1997) 16S-23S intergenic primers. These 
were different from those used in the present study and may account for the 
different results. Molander et al. (2002) obtained two amplicons, size 320 and 420 
bp but could not resolve the two species, nor detect strain variation. The primers 
used in the present study appear to offer greater utility in this respect.
Gurtler et al. (1999) also studied the number of rrn operons in the Enterococcus 
species. The rrn number has been determined for Enterocccus hirae but not for 
others. E. faecalis is reputed to have short and long intergenic spacer regions, with 
a tRNA gene present in the long ISR (342 bp) and absent in the short ISR (240 bp).
6.4.2.3 Staphylococcus species
The 16S-23S intergenic amplicon profiles gave several patterns, although they 
could not be easily distinguished. Only after corroboration by comparison with other 
information was it possible to be confident of the distinctness of the 7 groups 
formed. Type 1 (P7, P12, P65, 227, AR1I, AR1s, AR3I, AR3s, KG2I, KG2s, 790 [S. 
epidermidis]) strains (except 790) clustered together on the biochemical 
dendrogram (Figure 5.3b), however only P7, P12 and 227 (distantly) could be seen 
to cluster together on the 16S phylogenetic tree (Figure 4.6). The rest were 
unfortunately missing from the dendrogram for reasons outlined before.
The strains in type 2 (P16MW, P16GW [S. epidermidis]) were also missing 
from the 16S phylogenetic tree but they clustered on the same grouping in the 
biochemical dendrogram (Figure 5.3b). Strain 23a (type 3) also clustered with type 2 
by the biochemical profile but was isolated rather than closely associated as per the 
intergenic amplicon pattern.
The type 4 strains (P36 [S. epidermidis], 1291b [S. pasteun]) clustered together 
on the biochemical dendrogram (Figure 5.3b) but not in the 16S phylogenetic tree 
(Figure 4.6). In fact, 1291b remained unidentified by biochemical profile, which was 
accorded “unacceptable” by the database. In contrast, the type 5 strains (225, 696b 
[S. hominis]) clustered together in the 16S phylogenetic tree (Figure 4.6) but not in 
the biochemical dendrogram (Figure 5.3b).
The type 6 strain (635 [S. warneri]) was similar in pattern but not amplicon sizes 
to type 7 strains (727, 1292 [S. aureus]). The latter two strains clustered together in
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the 16S tree (Figure 4.6), whereas 635 and 1292 clustered together in the 
biochemical dendrogram (Figure 5.3b).
Only one of the Staphylococcus strains (227 [S. epidermidis]) had acceptable 
identity matches by both 16S rRNA gene sequence and biochemical tests; some 
had good sequence match but most had poor biochemical profile matches.
Staphylococcus species are also important pathogens in nosocomial infections 
and therefore there has been some emphasis on rapid and accurate identification of 
these species (Maes et al. 1997, Mendoza et al. 1998). Jensen et al. (1993) 
investigated the diversity of Staphylococcus species by intergenic spacer 
polymorphism and concluded that a significant degree of intra-species variation 
existed. Using a different set of primers to those used in the present study, they 
found that Staphylococcus epidermidis exhibited a primary fragment at 390 bp and 
a weaker one at 600 bp. These were present in all strains but two weaker fragments 
were seen at 440 bp and 510 bp in four of the strains.
The intergenic spacer length polymorphism (using primers based on Welsh & 
McClelland 1992) of Staphylococcus species was compared with the biochemical 
characteristics (ID 32 Staph system, BioMerieux) of type strains and clinical 
isolates, with the finding of 99% correlation to species level and 96% correlation to 
subspecies level (Maes etal. 1997). However, some discrepancies were found, and 
related to misidentification of S. warneri and S. epidermidis. This observation was 
not fully corroborated in the present study as not all groups correlated with their 
biochemical groups, although most did. The strains in this study were therefore 
likely to have been different from those tested in the study by Maes et al. (1997) 
(source was urine, blood and wounds). The amplicon profiles reported were very 
different, probably reflecting the different primers used. The present findings tally 
more closely with Hauschild (2001) who found that 58/98 strains exhibited atypical 
biochemical profiles by ID 32 Staph and considered them to be unidentified strains. 
Whilst most strains could be typed using the intergenic spacer region, only two 
strains were atypical by this approach.
Another study reported that the amplicon profiles of the intergenic region (using 
primers based on Jensen et al. 1993) were sufficiently uniform within 
Staphylococcus species to allow their use for identification (Mendoza et al. 1998). 
They found little subspecies variation in the patterns, except for 3 species, one of 
which was Staphylococcus aureus. They were also able to identify 5 isolates by this 
approach when they could not be identified by conventional phenotypic tests; the 
phenotypic variants exhibited atypical results in certain tests.
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Historically, coagulase-positive species such as Staphylococcus aureus were 
considered pathogenic. Over the last 2 decades, coagulase-negative staphylococci 
have emerged as significant pathogens with Staphylococcus epidermidis evident in 
many surveys. Biochemical identification of the species using Staph ID32 API 
system can be unreliable, especially when low probability values are obtained 
(Renneberg et al. 1995). A number of genotypic characterisation strategies have 
been investigated as more reliable options (Wieser & Busse 2000, Rossi etal. 2001, 
Hauschild 2001, Lee & Park 2001); and intergenic spacer PCR is one of those that 
has been used to identify coagulase-negative Staphylococcus species (Lee & Park 
2001, Couto et al. 2001).
Lee and Park (2001) compared the identification of 122 strains of coagulase- 
negative staphylococci using 4 methods (Vitek GPI system, API Staph, intergenic 
spacer polymorphism using two sets of primers [Welsh & McClelland 1992 and 
Jensen et al. 1993], and restriction fragment length polymorphism); only 64% were 
identified as the same species by the 4 methods. The Vitek system showed the 
lowest agreement rate with the other systems and the intergenic approach was 
rated a useful means of identification. Couto et al. (2001) also compared a number 
of approaches to identification of coagulase-negative staphylococcal strains. 
Critically, they compared the protocols for intergenic spacer amplification using 
different primers and PCR conditions (based on Jensen et al. 1993, Gurtler & 
Stanisich 1996, Mendoza et al. 1998). They found no real differences in 
discrimination of strains by different primer and PCR conditions, although the results 
were not all presented. It was commented that the protocol by Mendoza et al. 
(1998) used a lower annealing temperature and no ramping, and consequently 
showed poorer resolution. They were able to identify 96% of the 617 isolates by 
intergenic spacer amplification and considered the protocol by Jensen et al. (1993) 
to provide the best resolution. It was not possible to identify 25 isolates by either 
intergenic or commercial systems. They concluded that the purity of DNA, the 
annealing temperature, and ramping steps in PCR were essential to obtain reliable 
and consistent results; variations in these factors may explain differences between 
studies, even using the same primers. Despite the rigour of their method they were 
unable to demonstrate the strain variation evident in Staphylococcus epidermidis in 
other studies, perhaps reflecting on their sample. They still did not consider it 
valuable to use RFLP to make further distinctions. They commented that S. 
epidermidis was one of the more misidentified species in their study and that this 
was a function of atypical isolates giving variable phenotypic test results.
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There was enough consistency between groupings by different character 
measures in this study to suggest that they were valid, and that, given the difficulty 
in definitive identification, some of them probably represented variants of 
conventional strains.
6.4.2.4 Lactobacillus species
The intergenic amplicon profiles for the Lactobacillus species were very similar for 
all the strains and only subtle differences were evident; it is possible that there were 
8 types. Two, three or four distinct bands were visible but it was difficult to discern 
whether they were present in all cases; the larger amplicon bands were sometimes 
weaker.
Type 1 (639, 640, 794a, 794b) was identified as L. rhamnosus except 794b, 
which was identified as L. vaginalis by 16S rRNA. The L. rhamnosus strains 
clustered together slightly, separately from 794b (Figure 4.7). Furthermore, 639 and 
794b were missing from the biochemical dendrogram, but the other two clustered on 
the same grouping (Figure 5.2b). Therefore there was some corroborative evidence 
that these strains had similarities.
Type 2 (779, 795, 796, 822b) formed a separate group with two amplicons. The 
strains 795, 796 and 779 clustered together as L. gasseri by 16S gene sequence 
analysis, but 822b clustered separately, and was named L. rhamnosus (Figure 
4.7). The strains 779, 795, and 796 similarly clustered together in the biochemical 
dendrogram but were named L. acidophilus (Figure 5.2b).
Type 3 strains (1012, 800a) clustered together as L. rhamnosus in the 16S 
rRNA phylogenetic tree (Figure 4.7) but strain 800a was missing in the biochemical 
dendrogram.
Type 4 (797, 821) was almost identical to type 3, except that the largest 
amplicon was slightly smaller. The strains clustered together as L. casei in the 16S 
rRNA phylogenetic tree (Figure 4.7) but separately in the biochemical dendrogram 
where 821 was labelled L. rhamnosus (Figure 5.2b).
Type 5 consisted of strains 820, 1134 and 793, where the first two clustered 
together as L. fermentum in the phylogenetic tree, and 793 separately as L. 
vaginalis (Figure 4.7). Strain 820 was missing from the biochemical dendrogram but 
the other two clustered together as L. cellobiosus (1134) and L  fermentum (793) 
(Figure 5.2b).
Type 6 consisted of a solitary strain (794), initially identified as L. casei by partial 
16S rRNA gene sequencing (Table 4.4), but subsequently resolved into two strains, 
L. rhamnosus (794a) and L. vaginalis (794b), following further subculture.
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Type 7 consisted of a solitary strain (780) identified as L. gasseri (16S rRNA) 
that clustered with its counterpart strains in both the phylogenetic tree and 
biochemical (L. acidophilus) dendrogram but had an additional amplicon fragment.
Type 8 was also a solitary strain (791) identified as L. oris by 16S rRNA gene 
sequence and L. brevis by biochemical identification and clustered with its 
respective strains in the latter dendrogram (Figure 5.2b) but with L. vaginalis in the 
16S rRNA phylogenetic tree (Figure 4.7).
A number of L. casei strains (380, 380a, 380b) were not included in the analyses 
above because they were identified later and were not known to be Lactobacillus 
species earlier.
Only 5 Lactobacillus strains had acceptable identity matches by both 16S rRNA 
and biochemical profile, some had good sequence match but most had poor 
biochemical profile matches. This is in agreement with other studies (Song et al. 
1999, Nigatu 2000). Tynkkynen et al. (1999) also found atypical fermentation 
reactions in many strains giving rise to doubtful or unacceptable scores.
The utility of ribosomal gene intergenic spacer regions for identification of 
Lactobacillus species has been considered by many researchers (Nour 1998, 
Berthier & Ehrlich 1998, Tannock et al. 1999, Chen et al. 2000, Song et al. 2000, 
Baele et al. 2002). Nour (1998) analysed the 16S-23S and 23S-5S intergenic 
spacer regions in Lactobacillus species in detail including their nucleotide sequence 
and secondary structure. Two forms of rrn operons were identified in each species 
studied; one with tandem tRNA//e/ tRNA*/a genes and the other one without. Berthier 
& Ehrlich (1998) proposed species-specific primers for identification of Lactobacillus 
species, based on sequence data. They found the spacer region sequences to be 
identical among different species but also diverse within species, confirming the 
impressions in the present study. Only the larger fragment was found to exhibit 
inter-species variations in sequence; they found the spacer region between the two 
tRNA genes to be most suitable. These were, however, unsuitable for strain typing 
within species. The use of species-specific primers can be daunting given the 
number of different species (60). Tannock et al. (1999) therefore proposed the use 
of primers targeted at conserved regions flanking the small intergenic spacer region. 
They were able to identify 35/40 isolates by comparison of small spacer region 
sequences with those held in GenBank. They were also able to distinguish between 
L. casei and L. rhamnosus strains.
Chen et al. (2000) showed that Lactobacillus casei strains (considered to be 
phylogenetically unstable) could be separated into groups based on the 23S-5S 
intergenic spacer region and that the spacer polymorphism of L. rhamnosus was
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distinct from those of the L  casei strains. Their findings for this species were in 
contrast to those of Berthier & Ehrlich (1998) who found that strains within species 
were 100% identical.
Baele et al. (2002) applied the 16S-23S intergenic spacer amplicon profile 
discriminated by capillary electrophoresis to identify Lactobacillus species. Primers 
as described by Welsh & McClelland (1992) were used, and they were able to 
distinguish most Lactobacillus strains (21 species) by species-specific tDNA 
fingerprints. However, some were not distinguishable; the species with identical 
tDNA finger-prints all belonged to the same phylogenetic group as determined by 
16S rRNA gene sequencing. The species grouped by two were L. fermentum and L. 
cellobiosus, and the species grouped by three were L. acidophilus, L. gallinarum 
and L. helveticus.
There are variations between studies depending upon the genome regions 
studied and the protocols applied. The present study revealed unique patterns for 
different species (types 3, 4, and 5) but the same patterns could also arise for 
different species (types 1 and 2). In contrast, the same species could also exhibit 
different amplicon profiles (types 1, 2 and 3 for L  rhamnosus; types 4 and 6 for L. 
casei; types 2 and 7 for L. gasseri). In contrast to other studies, the use of primers 
and PCR conditions adopted in this study, revealed intra-species differences but did 
not enable definitive inter-species differentiation.
Based on the findings in this study, the variation in intergenic amplicon profiles 
between strains within some species makes it a useful approach for strain 
differentiation. However, the conservation of intergenic regions between some 
species, renders the approach redundant for definitive species identification unless 
a sequencing strategy is adopted to characterise the amplicons. The analysis of 
strain groupings within “types” by tooth sample origin was interesting. For all but the 
lactobacilli, the strains within individual “types” were sometimes, either from 
untreated teeth or treated teeth. This observation may lend another strand of 
circumstantial evidence to support the hypothesis that the strains recovered from 
treated teeth are uniquely adapted for that environment, distinct from those in 
untreated teeth.
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6.5 Conclusions
Using the primers and PCR conditions selected, the following conclusions were 
drawn:
The 16S-23S intergenic spacer amplicon profiles revealed unique patterns for 
genera.
The 16S-23S intergenic spacer amplicon profiles revealed unique patterns for 
species, but different species sometimes exhibited common amplicon profiles, 
making it difficult to make species distinction by this method alone.
The 16S-23S intergenic spacer amplicon patterns could vary within species in 
some cases and had the potential to discriminate intra-species variation.
Where the 16S-23S intergenic amplicon profile showed no variation, the use of 
restriction digests revealed some variation caused by base substitution.
Streptococcus, Enterococcus and Staphylococcus strains within some “types” 
were entirely or mostly, either from root-treated teeth or untreated teeth.
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Chapter 7
Antibiotic susceptibility of isolates from untreated
and root-treated teeth
7.1 Introduction
Antibiotics were introduced in 1939-1940 with the discovery of tyrothricin, penicillin 
and actinomycin. Within the first 18 years, 30 antimicrobials had come into use 
(Swartz 2000). Penicillin was rapidly adopted by endodontists to topically treat root 
canal infections (Shaw etal. 1945, Bender 1947, Potkin 1947). Experimentation with 
combinations appeared to suggest that a penicillin-streptomycin mixture might be 
more effective (Bender & Seltzer 1950). The advantages quoted for antibiotics 
included a more rapid sterilisation of the infected root canal, a higher success rate, 
fewer clinical flare-ups, and more rapid healing (Bender & Seltzer 1950). Early 
failures with penicillin were attributed to low dosage. It was, however, soon realised 
that some organisms (including enterococci) were not susceptible and the cocktail of 
antibiotics was extended to deal with these (Seltzer et al. 1950, Bender & Seltzer 
1952, Rubbo et al. 1958). Antibiotics were considered a “Godsend” as they 
apparently secured rapid “sterilisation” of root canals, provided the canals were 
properly debrided first. A poly-antibiotic paste (penicillin, bacitracin, streptomycin, 
sodium caprylate in a silicone fluid) was introduced to deal with the three major 
genera (Streptococcus, Staphylococcus, Lactobacillus) then thought to be the major 
root canal pathogens (Grossman 1953). Another group suggested a combination of 
neomycin, bacitracin and polymixin (Rubbo et al. 1958). In other quarters, it was 
rapidly realised that this practice was potentially dangerous because of its tendency 
to generate resistant bacteria. The testing of sensitivity began early in Endodontics: 
“organisms may be trained to grow in sublethal doses of penicillin. If the dose is 
increased gradually, resistance to normally bacteriostatic and bactericidal doses 
may be acquired. It is possible that during root-canal therapy only sublethal doses 
may be in contact with the infecting organisms, particularly in the narrow and more 
inaccessible parts of the canals” (Slack 1953). Slack found 12% of his root canal 
isolates (516) to be resistant to penicillin. The role of antibiotics used alone or in 
combination with antiseptics in the treatment of root canal infections was 
investigated further by Hobson (1959). Hobson reported a higher prevalence of 
penicillin-resistant staphylococci than expected and attributed this to the widespread 
use of the drug at the time. During the three years of the study, a steady increase in
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the number of resistant organisms was noted but no supporting evidence was 
presented.
A review of the endodontic literature, showed a decreasing interest in the topical 
use of antibiotics in root canals; only one comparative study being reported, with a 
cautionary note about sensitivity and allergies to antibiotics (Ostrander 1962). 
Another study reported multiple antibiotic resistance amongst a large proportion of 
root canal isolates from teeth under treatment (Fox & Isenberg 1967). However, the 
interest in topical application of a mixture of contemporary antibiotics in root canals 
has been revived (Hoshino etal. 1996, Sato etal. 1996).
Antibiotics have found a much broader application in endodontics, including their 
adjunctive employment in treatment of pulpitis, pulp capping, perio-endo lesions, 
traumatic dental injuries as well as root canal treatment and surgery. Another 
important use is in prophylaxis for medically compromised patients (Pallasch 1979, 
Longman et al. 2000). Their chief use, though, is systemic administration in the 
management of acute apical infections, usually in conjunction with surgical pus 
drainage. Antibiotic prescription does not always follow sound clinical rationale 
(Thomas et al. 1996, Whitten et al. 1996, Palmer & Martin 1998), and based on the 
experience of a referred population to a specialist endodontic service, may often be 
related to management of acute exacerbation of chronic apical periodontitis. 
Definitive treatment in the form of root canal treatment, apical surgery or extraction 
is often avoided because of the patients’ desire to keep the involved teeth. This 
scenario contradicts government encouragement to prescribe antibiotics according 
to stricter clinical rationale (Caiman et al. 1998, House of Lords Science and 
Technology committee 1998), in order to address problems of increasing antibiotic 
resistance. The problem of resistance though, is one faced world-wide (Endtz et al. 
1999, Dancer 2001, Conly 2002, Krzyszton-Russjan et al. 2002).
It takes a longer time to establish an antibiotic concentration in the periapical 
exudate, comparable to serum, when antibiotics are administered orally (Allard 
1989). Furthermore, the possibility of obtaining equivalent concentrations within vital 
pulp tissue is low and in a necrotic pulp, non-existent (Akimoto et al. 1985). The 
commonly used antibiotics in general dentistry or endodontics include penicillin, 
amoxicillin, erythromycin, tetracycline, clindamycin, metronidazole and 
cephalosporins (Barker & Qualtrough 1987, Karlowsky et al. 1993, Palmer & Martin 
1998, Longman etal. 2000). In addition to these antibiotics, vancomycin was added 
for evaluation in this study because of its specific action against gram-positive 
bacteria and the potential for resistance to it (Endtz et al. 1999).
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A number of studies have evaluated the antibiotic sensitivity of isolates 
recovered from acute soft tissue infections (Hunt et al. 1978, Allard et al. 1978, 
Quayle et al. 1987, Lewis et al. 1988, Lewis et al. 1989, Kuriyama et al. 2000a, b, 
2002a, b, Khemaleelakul et al. 2002) and root canals (Goldman & Pearson 1969, 
Heintz et al. 1975, Mejare 1975, Wittgow & Sabiston 1975, Sundqvist 1976, 
Goodman 1977, Haapasalo et al. 1987, Le Goff et al. 1997, Vigil et al. 1997, 
Waltimo et al. 1997, Dahlen et al. 2000, Noda et al. 2000, Lana et al. 2001, Pinheiro 
et al. 2003b). The approaches used to study sensitivity or resistance of bacteria vary 
widely and there have been concerted efforts to bring a degree of standardisation to 
the process (Williams 1990).
7.1.1 Methodology for testing antibiotic sensitivity
Different countries and laboratories have adopted various approaches to 
reconciling the variables inherent in antibiotic sensitivity testing. The most widely 
determined value is the minimum inhibitory concentration (MIC), which is the lowest 
concentration of antimicrobial that will inhibit the visible growth of a microorganism 
after overnight incubation. Another value, used less often is the minimum 
bactericidal concentration (MBC), which is the lowest concentration of antimicrobial 
that prevents growth after subculture on antibiotic-free media (BSAC [British Society 
for Antimicrobial Chemotherapy] Working Party -  guide to sensitivity testing, 1991). 
The methodology for antibiotic sensitivity testing is well established (BSAC Working 
Party 1991, Woods & Washington 1995, Wexler & Doern 1995, NCCLS [National 
Committee for Clinical Laboratory Standards] 2003).
The concentration range used may vary with the drug, organism and site of 
infection, but should include the concentrations that allow determination of 
interpretive categories (breakpoint). That is, whether the organism is sensitive, 
resistant or intermediately resistant to the antimicrobial. Determination of thresholds 
for breakpoint concentrations is based on clinical, pharmacologic and 
microbiological factors. The selection of breakpoint concentrations is a matter of 
considerable debate and different countries have adopted different standards 
though there has been a move towards adoption of consensus values to enable 
comparison (Baquero 1990, Williams 1990, Woods & Washington 1995, BSAC 
Working Party 1996, Hamilton-Miller 1997).
Anaerobic bacteria have been given special consideration for several reasons. 
They are generally involved in polymicrobial infections, which often cause tissue 
necrosis and abscess formation making it more difficult to deliver the antimicrobial in 
sufficient concentration, to the site of infection. Consequently, their management
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involves more aggressive treatment in conjunction with surgical drainage (Wexler & 
Doern 1995, Longman etal. 2000).
The central problem in testing anaerobic bacteria is that no single medium is 
capable of supporting the growth of all anaerobic organisms, whilst it is also 
desirable to use relatively well-defined media for antibiotic sensitivity testing to 
ensure that it does not interfere with the action of the antibiotic. Furthermore, many 
anaerobes require several days to grow, during which time the antibiotic may have 
degraded or diffused to the point of inadequate concentration. The increasing 
resistance to antimicrobial agents among anaerobic bacteria prompted the setting 
up of a working group on anaerobic susceptibility testing to resolve the problem 
(Finegold and the National Committee for Clinical Laboratory Standards Working 
Group 1988).
A method known as the PDM epsilometer or E-test (AB Biodisk) is an in-vitro 
method for quantitatively determining the MIC. It consists of a plastic-coated strip 
with a predetermined antimicrobial gradient, which is placed on the surface of an 
agar medium inoculated with the test organism. The MIC is read directly from a 
scale on the strip at points where the ellipse of growth inhibition intercepts the strip. 
The strength of the method is that it allows testing of fastidious or anaerobic bacteria 
since the strips may be placed on various enriched media. The E-test has been 
shown to have potential in several studies (Citron et al. 1991, Wust & Hardegger 
1992, Appelbaum etal. 1994, Pierard etal. 1996, Smith etal. 1996, Hall etal. 1998, 
Rosser et al. 1999, Daher et al. 2002).
Molecular determination of resistance has been considered but so far the range
of challenges facing this method has yet to be addressed (Fluit & Schmitz 2001).
7.1.2 Antibiotic susceptibility of isolates from teeth with periapical 
disease
A number of studies have performed antibiotic susceptibility tests on root canal 
isolates but using a wide range of test methods:
• penicillin tablets of fixed strengths - 1 , 2  and 10 units (Slack 1953), 
penicillin, streptomycin, Chloromycetin and terramycin tablets (Hobson 1959);
• Kirby-Bauer procedures to test penicillin, methicillin, erythromycin, 
tetracycline, clindamycin, chloramphenicol and vancomycin and in another 
study a range of penicillins, cephalosporins, aminoglycosides, tetracycline 
and others (Wittgow & Sabiston 1975, Heintz etal. 1975, Noda etal. 2000);
• agar dilution method (but using 10-fold serial dilution) to test kanamycin, 
neomycin, penicillin, erythromycin, tetracycline, rifampicin, polymixin, 
bacitracin, colistin, and metronidazole (Sundqvist 1976);
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•  E-test using amoxicillin, amoxicillin with clavulanate and tetracycline (Le Goff 
etal. 1997, Dahlen etal. 2000); and finally
• breakpoint testing by agar dilution method using NCCLS protocol to 
evaluate penicillin G, amoxicillin, tetracycline and erythromycin (Lana et al. 
2001).
The results were variable between the studies, depending upon the sample, 
antibiotic and methods used.
7.1.3 Antibiotic susceptibiiity of isoiates from root-treated teeth with 
periapical disease
Only two studies have reported antibiotic susceptibilities of bacteria from root- 
treated teeth (Engstrom 1964, Pinheiro et al. 2003b). The susceptibility of persistent 
strains during root canal treatment has been tested but to a limited extent (Fox & 
Isenberg 1967, Goldman & Pearson 1969, Heintz et al. 1975, Mejare 1975, 
Haapasalo etal. 1987, Noda etal. 2000, Dahlen etal. 2000).
7.1.4 Aims
The aims of this chapter were to:
•  determine the MICs to 8 commonly prescribed antibiotics (penicillin, 
metronidazole, clindamycin, cefaclor, vancomycin, erythromycin, amoxicillin 
and tetracycline) using both agar dilution and E-test methodology;
•  compare the MIC profiles obtained from agar dilution and E-test methods;
•  determine the frequency distribution, MIC5o and MIC90 of individual 
genera/species (for those with adequate number of strains); and
•  evaluate the antibiotic resistance profiles of strains to help characterise 
strain variation, including a comparison between those from root-treated and 
untreated teeth.
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7.2 Materials and methods
7.2.1 Antibiotic susceptibility of bacterial isolates
The antibiotic susceptibility of the gram-positive isolates recovered from untreated 
and root-treated teeth in this study was determined. Both agar dilution and the E-test 
methods were used to provide independent verification of the results. Both tests 
were repeated on 40 randomly selected isolates using randomly chosen antibiotics 
to ensure reproducibility. Standard reference strains were used (Oxford 
Staphylococcus aureus and Prevotella intermedia) for all runs.
The antibiotics selected included, penicillin, amoxicillin, metronidazole, 
vancomycin, erythromycin, tetracycline, clindamycin and cefaclor (Sigma). The 
protocols for agar dilution were adapted from Murray et al. (1995) and NCCLS 
(2000, 2003) and followed those for anaerobic bacteria. The culture medium of 
choice was brucella agar supplemented with 5% v/v defibrinated, lysed horse blood, 
vitamin K (1 pg ml"1) (Sigma) and haemin (5 pg ml"1) (Sigma). Test conditions were 
standardised as far as possible to enable comparison of the two methods. The tests 
were carried out in six batches (runs), pooling like-strains together so that the 
requisite growth requirements for the respective bacterial groups could be provided 
in a standard manner.
7.2.1.1 Agar dilution method
The antibiotic plates were prepared fresh and stored in plastic bags at 4°C for no 
longer than 5 days. Preparation protocols from Murray et al. (1995) and NCCLS 
(2000, 2003) were followed. The concentrations selected included doubling dilutions 
from 512 pg ml"1 to 0.125 pg ml"1, therefore, 13 concentrations were used in all and 
followed the scheme in Murray etal. (1995).
All isolates were rapidly thawed (at 37°C) from their frozen stocks in 6 batches 
and cultivated on blood agar or anaerobe agar with 5% v/v, defibrinated, lysed horse 
blood. They were subcultured at least twice for one or two day intervals (to ensure 
good growth and purity) and were incubated under anaerobic or 5% carbon dioxide 
atmospheric conditions at 37°C 100% RH. Twenty-four hour cultures were used to 
aseptically inoculate 5 ml of sterile brucella broth (adjusted to pH 7) to achieve a 
McFarland’s standard 1 turbidity (using a standard tube as a visual reference). A 36- 
well, multipoint inoculator (Mast) was used to inoculate antibiotic-containing agar 
media under aseptic conditions. Non-antibiotic-containing plates were used as 
controls at the beginning and end of the procedure as a check. The low 
concentrations were inoculated first, followed by the higher concentrations. The 
plates were incubated at 37°C, 100% RH in anaerobic gas jars with gas packs
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(AnaeroGe/7™, Oxoid) or in a carbon dioxide (5%) incubator for between 24 and 48 
hours prior to reading.
7.2.1.2 E-tests
The isolates were grown as described above in six batches and purity was ensured 
by colony morphology and Gram staining. Inocula were prepared as described 
above to McFarland’s standard 1. Supplemented brucella agar plates were used as 
described above. They were inoculated by cross-streaking with sterile swabs to 
ensure complete coverage. Two E-test strips (different antibiotics) (AB Biodisk, 
Dalvagen, Solna, Sweden) were placed with their concentration gradients facing in 
opposite directions but parallel to each other (as reported by Wust & Hardegger
1992). Four plates were therefore required per isolate. Ideal combinations of 
antibiotics were selected on the basis of pilot studies, those that tended to form 
large inhibitory zones were combined with those that formed smaller zones. They 
were penicillin and metronidazole, clindamycin and cefaclor, vancomycin and 
erythromycin, amoxicillin and tetracycline. The plates were incubated as described 
above prior to reading according to the manufacturer’s instructions.
7.2.2 Analysis of data
The MIC data were entered into an Excel spreadsheet (Microsoft Office XP, 2000) 
and exported into SPSS (Version 7). The MIC data from the two methods were 
compared for similarity. They were also plotted by genera/species to obtain their 
frequency distributions. From these, the range, MIC50 and MIC90 were determined.
Breakpoint concentrations (NCCLS 2003) were used to classify the MIC values 
into their interpretive categories of “sensitive” or “resistant”. Isolates were only 
categorised as “resistant” when both the E-test and agar dilution MICs met or 
exceeded the requisite threshold, otherwise the value was scored as “sensitive”.
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7.3 Results
Of the original 117 strains from untreated teeth, 15 were lost due to freeze-drying 
problems and five due to storage problems, however, 10 isolates were added as a 
result of original strains developing separate morphotypes. This meant that a total of 
107 strains from untreated teeth were tested in this study. Of the original 78 strains 
from root-treated teeth, 2 were lost due to storage problems and 1 strain developed 
dual morphotypes, consequently 77 strains were tested. In all, therefore, 184 root 
canal isolates were tested with 9 control tests between the 6 batches, making a total 
of 193 tests for each antibiotic and test method. The reproducibility of each test 
method for a set of randomly selected 40 isolates (and randomly selected antibiotic 
making 80 tests in all) was exact for over 90% of the tests.
7.3.1 MIC values and comparison of E-test and agar dilution methods
Table 7.1 summarises the overall differences in MICs between the agar dilution and 
E-test methods for each antibiotic, expressed in numbers of doubling dilutions. 
Given that 8 antibiotics were used in two methods for each strain, the maximum 
number of MIC outcomes was (193 * 8 * 2 =) 3088. However, 7 tests were missing 
for clindamycin giving a total of 3081 tests and 1537 valid pairs of comparisons. 
Over 80.6% of the 1537 pairs of tests were within one doubling-dilution and over 
90% were within two doubling-dilutions. Table 7.1 gives the number of strains that 
recorded exact matches (column headed “0”) between agar dilution and E-test for 
each antibiotic. This is converted to percentage value (out of 193) in the 10th 
column. The 3 columns on the left of “0” column give the number of strains that had 
higher MICs for the E-test by 1, 2 or 3 dilutions, respectively. The 3 columns to the 
right of the “0” column give the number of strains that had higher MICs for agar 
dilution by 1, 2 or 3 dilutions, respectively. The two pairs of columns to the extreme 
right give the number and percentage of strains that were within one and two 
dilutions, respectively for each antibiotic.
241
Table 7.1 Summary of differences In MICs between agar dilution and E-test (expressed in numbers of dilutions) 
(Total number of strains tested for each antibiotic = 193, except clindamycin [186]*)
(negative values indicate E-Test had higher MIC; positive values indicate agar dilution had higher MIC)
Total 
no. of 
strains 
tested
No. of strains 
where MIC 
values were 
higher for E-test 
by 1, 2, 3 double 
dilutions
No. of 
strains 
with 
exact 
MICs
No. of strains 
where MIC values 
were higher for 
agar dilution by 
1,2, 3 double 
dilutions
No. of 
strains 
in “0 ” 
column 
divided 
by 193 
(%)
No. and percentage 
of strains (out of 
193) that were 
within 1 dilution 
between E-test and 
agar dilution
No. and percentage 
of strains (out of 
193) that were 
within 2  dilutions 
between E-test and 
agar dilution
Antibiotics
(abbreviations)
< -3 - 2 - 1 0 1 2 > 3 %with
exact
match
No. + /-  
1 dil
% + /-  
1  dil
No. + /-  
2  dils
% + /-  
2  dils
Penicillin PV 193 6 4 9 142 10 2 20 73.6 161 83.4 167 86.5
Metronidazole MZ 193 11 2 0 160 11 1 8 82.9 171 88.6 174 90.2
Clindamycin CM 186 6 6 12 96 43 10 13 50.0 151 81.2* 167 89.8*
Cefaclor CF 193 6 1 4 113 27 21 21 58.5 144 74.6 166 86.0
Vancomycin VA 193 11 32 17 81 41 6 5 42.0 139 72.0 177 91.7
Erythromycin EC 193 8 5 8 110 30 15 17 57.0 148 76.7 168 87.0
Amoxicillin AM 193 3 7 18 128 29 5 3 66.0 175 90.7 187 96.9
Tetracycline TE 193 8 8 9 110 31 18 9 57.0 150 77.7 176 91.2
Although the majority of strains gave identical MICs for the two methods, there was variation by each antibiotic. The highest matches were 
recorded for penicillin, metronidazole and amoxicillin. Over 80% of the strains had MICs within 1 dilution for PV, MZ, CM and AM, whilst over 
90% had MICs within 2 dilutions for MZ, VA, AM and TE. The poorest rate of “exact” matches between E-test and agar dilution were 
recorded for VA (42%) and CM (50%). The variability appeared to be greatest for VA, extending up to 32 strains, the E-test results of which 
were at least 2 dilutions higher than those determined by agar dilution. Agar dilution tended to have higher numbers of strains that were more 
than 3 dilutions higher than the E-test values, especially for PV, CF and EC.
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7.3.2 Frequency distribution of MICs, their range, MIC50 and MIC90
The frequency distributions (for genera with a sufficient number of strains) were 
plotted by each antibiotic using the SPSS package. The distributions for the E-test 
values were more informative by virtue of the greater number of points on its scale. 
The distributions varied from one combination to another, from a unimodal normal 
distribution to skewed polymodal distribution. The breakpoint concentrations 
(NCCLS 2003; given in Appendix 10.22) were also plotted on these graphs to 
determine if they divided peak frequency or major population groups. None were 
found to do so in either case. The breakpoint concentrations always divided the 
population clearly.
The MIC range for all sensitive strains within given genera/species was narrow, 
usually 0.016-4.00 pg ml"1 and more frequently towards the lower end.
The range, MIC50 and MIC90 of the major bacterial groups of strains that showed 
resistance by the breakpoint concentrations is given in Tables 7.2 and 7.3, overleaf.
7.3.3 Interpretive categories based on breakpoint concentrations 
Breakpoint values (NCCLS 2003; Appendix 10.22) were used to convert the MICs 
into interpretive categories so that the strains could be labelled sensitive or resistant. 
The data on each strain found to be resistant to any one or more of the antibiotics 
are summarised in Table 7.4 below. No distinction was made between intrinsic or 
acquired resistance as the purpose was to inform identification and strain variation, 
except when the sole resistance was against metronidazole in a unon-anaerobic" 
strain. The data also show the untreated or root-treated tooth origin of each resistant 
strain.
Table 7.4 shows the antibiotics to which each strain was resistant. These data, 
together with the sample origin, are revealing about the uniqueness or otherwise of 
each strain from a given tooth sample. There were seven E. faecalis strains from the 
treated tooth R2, but they did not all exhibit the same pattern of resistance of which 
there were three types. The strains were resistant to 2, 3 or 4 antibiotics. This 
suggests the possibility of three separate strains. The strain that was resistant to 4 
antibiotics included vancomycin resistance. The strain from treated tooth R8, 
exhibited one of the three patterns exhibited by strains from tooth R2. In contrast, 
the five E. faecalis strains from the untreated tooth (C8) were all sensitive.
Continued on page 247.
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Table 7 .2  Summary of M IC  values (range, M IC 50, MICgo) for penicillin, metronidazole, clindamycin and cefaclor in
bacterial groups from untreated and root-treated teeth
Penicillin Meltronidazole Clindamycin (Cefaclor
Bacterial groups 
(genera/species -  
IDs by 16S)
No. of 
strains
MIC
range
ngmf1
MIC50
ngml-1
MICgo
ngmf1
MIC
range
ngmf1
MIC50
ngmf1
MICgo
ngmf1
MIC
range
ngml' 1
MIC50
ngml-1
MlCgg
ngml"1
MIC
range
ngml-1
MIC50 
\igm\ 1
MICgo
ngmf1
Streptococcus
species
45 0.016-
1.5
0.047 0.19 0.016-
512
256 256 0.016-
1.5
0.19 0.5 0.5-
16.0
0.5 1.5
Enterococcus
species
15 0.016-
12.0
3.0 6.0 256-
512
256 256 0.094-
128.0
6.0 16.0 0.19-
64.0
8.0 24.0
Lactobacillus
species
24 0.016-
512
0.38 2.0 2.0-
512
256 256 0.016-
512
0.75 256 3.0-
512
16 256
Staphylococcus
species
22 0.016-
512
1.5 256 256-
512
256 256 0.016-
32.0
0.190 1.0 0.016-
512
0.5 256
Actinomyces
species
7 0.016-
1.0
0.19 0.5 0.5-
512
256 256 0.032-
4.0
1.0 3.0 0.032-
0.125
0.064 1.0
Slackia exigua 17 0.016-
512
- 0.032 0.016-
512
0.016 256 0.016-
0.25
0.016 0.032 0.016-
0.125
0.016 0.125
Dialister
pneumosintes
6 0.016-
2.0
0.016 2.0 0.016-
512
0.5 256 0.016-
0.125
0.016 0.032 0.016-
0.125
0.016 0.047
Veillonella species 8 0.016-
64.0
1.0 3.0 0.016-
256
2 256 0.016-
64.0
0.064 2.0 0.016-
1.0
0.047 0.25
Micrococcus
species
6 0.016-
0.125
0.047 0.094 0.016-
512
256 256 0.125-
1.0
0.019 0.5 0.25-
1.0
0.38 0.75
Totals 152
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Table 7.3 Summary of MIC values (range, MIC50, MIC90) for vancomycin, erythromycin, amoxicillin and tetracycline in
bacterial groups from untreated and root-treated teeth
Vancomycin Erylthromycin Amoxicillin Tetracycline
Bacterial groups 
(genera/species -  
IDs by 16S)
No. of 
strains
MIC
range 
ng ml"1
MICso
ngml”1
MICgo
ngml"1
MIC
range
ngml-1
MICso
ngml"1
MICso 
ngml 1
MIC
range
ngml"1
MIC50
ngm l'1
MICso
ngml"1
MIC
range
ngml-1
MIC50
ligml"1
MIC90
ngml"1
Streptococcus
species
45 0 .1 2 5 -
4.0
1.5 3.0 0 .0 1 6 -
4.0
0.125 0.47 0 .0 1 6 -
0.5
0.094 0.25 0 .0 1 6 -
4.0
0.5 1.0
Enterococcus
species
15 0 .5 -5 1 2 3.0 3.0 0 .1 2 5 -
16.0
3.0 4.0 0 .0 2 3 -
4.0
0.38 0.75 0 .0 4 7 -
3.0
0.19 0.38
Lactobacillus
species
24 0 .5 -5 1 2 256 256 0 .1 2 5 -
512
0.38 256 0 .0 6 4 -
256
0.38 2.0 0 .5 -2 5 6 1.0 6.0
Staphylococcus
species
22 0 .0 1 6 -
256
3.0 24 0 .0 2 3 -
256
4.0 256 0 .0 1 6 -
256
1.5 48 0 .0 1 6 -
256
0.75 256
Actinomyces
species
7 0 .0 1 6 -
1.5
1.0 1.5 0 .0 2 3 -
16.0
0.25 16 0 .0 4 7 -
0.25
0.125 0.25 0 .1 2 5 -
0.75
0.38 0.75
Slackia exigua 17 0 .0 1 6 -
8.0
0.016 1.5 0 .0 1 6 -
256
0.016 4.0 0 .0 1 6 -
4.0
0.016 0.19 0 .0 1 6 -
256
0.016 0.38
Dialister
pneumosintes
6 0 .0 1 6 -
0.75
0.38 0.75 0 .0 1 6 -
512
0.016 256 0 .0 1 6 -
125
0.016 0.19 0 .0 1 6 -
8.0
0.016 8.0
Veillonella species 8 1 .0 -512 256 256 0 .0 9 4 -
512
256 256 0 .0 1 6 -
0.5
0.25 0.50 0 .0 1 6 -
1.0
0.25 1.0
Micrococcus
species
6 0 .0 2 3 -
0.38
0.38 0.38 0 .0 1 6 -
0.5
0.032 0.094 0 .0 2 3 -
0.25
0.094 0.25 0 .0 3 2 -
1.0
0.75 1.0
Totals 152
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Table 7.4 Antibiotic resistance profiles of strains with resistance to any 
one of the 8 antibiotics
Key: (NB Strains w ithout resistance or sole resistance to MZ by “ non-anaerobe” not given)
Blue Strains from untreated teeth Red Strains from root-treated teeth
“R” = resistant; “ 
PV = penicillin 
VA = vancomycin
” = sensitive; Emboldened species designation = > 98% sequence homology 
MZ = metronidazole CM = clindamycin CF = cefaclor
EC = erythromycin AM = amoxicillin TE = tetracycline
Species Strain no. Sample PV MZ CM CF VA EC AM TE
Enterococcus faecalis 649 R2 s R R s s s s s
Enterococcus faecalis 651 R2 s R R s s s s s
Enterococcus faecalis 654 R2 s R R s s s s s
Enterococcus faecalis 655 R2 s R R s s s s s
Enterococcus faecalis 714 R2 s R R s s R s s
716 R2 s R R s s s s s
Enterococcus faecalis 720 R2 s R R R R s s s
693 R2 s R s s s s s s
Streptococcus mutans 1284 R8 s R R s s R s s
Lactobacillus casei 380 C11 s R s s R s s s
Lactobacillus casei 380a C11 s R s s R s s s
Lactobacillus casei 380b C11 s R s s R s s s
Lactobacillus casei 794 R3 s R R R R R s R
Lactobacillus casei 797 R3 s R s R R s s s
Lactobacillus casei 821 R3 R R s R R s R s
Lactobacillus casei 621 R2 s R s s R s s s
Lactobacillus rhamnosus 639 R2 s R s s R s s s
Lactobacillus rhamnosus 640 R2 s R R s R s s s
Lactobacillus rhamnosus 794a R3 s R s R R s s s
Lactobacillus rhamnosus 794b R3 s R s R R s s s
Lactobacillus rhamnosus 800a R3 s R s R R s s s
Lactobacillus rhamnosus 822b R3 s R s s R s s s
Lactobacillus rhamnosus 1012 R4 s R s s R s s s
Lactobacillus gasseri 779 R3 s R R s s s s s
Lactobacillus gasseri 780 R3 s R R s s s s s
Lactobacillus gasseri 791 R3 s R s s s s s R
Lactobacillus gasseri 795 R3 s R R s s R s s
Lactobacillus gasseri 796 R3 s R R s R s s s
Lactobacillus vaginalis 792 R3 s R s R R s s s
Lactobacillus vaginalis 793 R3 s R s s R s s s
Lactobacillus fermentum 820 R3 s R s R R s s R
Lactobacillus fermentum 1134 R6 s R s s R s s s
Lactobacillus panis 855 R3 s R s s R s s s
Staphylococcus epidermidis P7 C10 R R s s s s R s
Staphylococcus epidermidis P12 C10 R R s s s s R s
Staphylococcus epidermidis P65 C14 R R s s s s R s
Staphylococcus epidermidis 790 R3 s R s s s R s s
Staphylococcus epidermidis ARKI) C16 R R s s s R R R
Staphylococcus epidermidis AR1(s) C16 R R s s s R R R
Staphylococcus epidermidis AR3(I) C17 R R s s s R R s
Staphylococcus epidermidis AR3(s) C17 s R s s s s s R
Staphylococcus epidermidis KG2(I) C18 s R s s s R R s
Staphylococcus epidermidis KG2(s) C18 s R s s s R s s
Staphylococcus epidermidis P16(MW) C6 R R s s s R R R
Staphylococcus epidermidis P16(GW) C6 R R s s s R R s
Staphylococcus warneri 314 C9 R R s s s s R s
Staphylococcus aureus 727 R2 R R s s s s R s
Staphylococcus aureus 1292 R8 R R s s s s R s
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Species Strain no. Sample PV MZ CM CF VA EC AM TE
Staphylococcus hominis 225 C5 R R s s s R R R
Staphylococcus hominis 696b R2 R R s s s R R s
Staphylococcus pasteuri 1291b R8 R R R s s R R s
Actinomyces odontolyticus 1137 R6 s R s s s R s s
Veillonella sp. P15 C6 s s s s R R s s
Veillonella sp. P44 C6 s s s s R R s s
Veillonella sp. P46 C6 s s s s R R s s
Veillonella sp. P47 C6 s s s s R R s s
Veillonella sp. P49 C6 s s s s s R s s
Veillonella sp. P50 C6 s s s s R R s s
Veillonella sp. P57 C6 s R s s s s s s
Veillonella sp. 856 R3 s R s s s s s s
Peptostreptococcus micros P53 C13 s s s s s s R s
Slackia exigua P14 C6 s R s s s s s s
Slackia exigua P64 C14 s s s s s R s s
Dialister pneumosintes P45(l) C6 s R s s s R s s
Dialister pneumosintes 725a R2 s R s s s s s s
Fusobacterium necrophorum 725 R2 s R s s s s s s
Pediococcus acid ilactici 728a R2 s R s R R s s s
Bacillus sp. 707 R2 s s R s s s s s
Acinetobacter Iwoffii 390 C11 s R s s R s s s
Total no. of strains (R) 69 15 60 16 1 0 28 24 17 8
Total no. of “resistant” outcomes 
(strain x antibiotic) 178
The Streptococcus strains showed relatively limited resistance to one or three 
antibiotics and were both from treated teeth. None of those from untreated teeth were 
resistant. In contrast, numerous Lactobacillus strains were resistant and again the 
majority originated from treated teeth. The three Lactobacillus strains from tooth C11 
were resistant to the same 2 antibiotics. The Lactobacillus strains from treated teeth 
originated mostly from R2 or R3 tooth samples. Of the three from R2, two demonstrated 
the same pattern of resistance whilst one (strain 640) was different. Those from R3 
showed resistance to 2 -6  antibiotics. There was variation in the antibiotic resistance 
pattern even within species groups, suggesting that these may be different strains.
The Staphylococcus strains originating from a variety of samples exhibited a wide 
range of patterns of resistance; from 2 -5  antibiotics. The strains AR3, KG2 and P16 
were in pairs that originated as different morphotypes from the same parent colonies, yet 
they displayed different patterns of antibiotic resistance.
The Actinomyces strain (1137) from the tooth R6 displayed resistance to 2 antibiotics, 
whilst those from other teeth were all sensitive.
All except two of the strains of Veillonella species, from the same tooth, displayed the 
same pattern of resistance, suggesting their probable common origin. The strain from the 
treated tooth again displayed a different pattern of resistance, which was sim ilar to one of 
the strains from the untreated tooth. These (P57, 856) were both resistant to 
metronidazole (retested -  MIC > 32 pg ml-1) but were found to be facultative.
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The Peptostreptococcus strain was resistant to amoxicillin only. The Slackia 
strains were resistant to one antibiotic each, one of these being metronidazole (but 
this strain was also found to be facultative, casting doubt on its identity); the other 
was resistant to erythromycin. The Dialister strains were resistant to one or two 
antibiotics, one of which was metronidazole (confirmed after retesting), however, 
strain P45I was also found to be facultative (again casting doubt on its identity). In 
addition, the Fusobacterium strain was also found to be resistant to metronidazole 
(confirmed after retesting).
Pediococcus acidilactici exhibited resistance to 3 antibiotics; metronidazole, 
cefaclor and vancomycin. One of the Bacillus strains was resistant to clindamycin 
only.
A total of 69/152 (45.4%) strains of those genera exhibiting resistance, or 69/184 
(37.5%) strains of all tested genera, were resistant; considering multiple antibiotic 
resistance, the total number of “episodes” o f resistance amongst these strains was 
178. A summary of the frequency of occurrence of resistance within bacterial 
species or groups is given for each antibiotic in Table 7.5.
Table 7.5 Summary data on the total number of strains per major bacterial 
group, the number displaying resistance and the number resistant to 
specific antibiotics within those groups
Genera/species with 
resistant strains
Total 
no. of 
strains
No. of 
resistant 
strains
PV MZ CM CF VA EC AM TE
Enterococcus faecalis 15 7 0 7 7 1 1 1 0 0
Streptococcus spp. 44 2 0 2 1 0 0 1 0 0
Lactobacillus spp. 24 24 1 24 6 8 2 0 2 1 3
Staphylococcus spp. 2 2 18 14 18 1 0 0 1 1 15 5
Actinomyces spp. 7 1 0 1 0 0 0 1 0 0
Veillonella spp. 8 8 0 2 0 0 5 6 0 0
Peptos trep tococcus 
spp.
4 1 0 0 0 0 0 0 1 0
Dialister pneumosintes 6 2 0 2 0 0 0 1 0 0
Slackia exigua 17 2 0 1 0 0 0 1 0 0
Acinetobacter Iwoffii 1 1 0 1 0 0 1 0 0 0
Bacillus spp. 2 1 0 0 1 0 0 0 0 0
Fusobacterium
necrophorum
1 1 0 1 0 0 0 0 0 0
Pediococcus
acidilactici
1 1 0 1 0 1 1 0 0 0
Total no. of strains 152 69 15 60 16 1 0 28 24 17 8
Total no. of episodes 178
This summary is further analysed to indicate the untreated or treated tooth origin of 
the isolates and this is shown in Table 7.6 (below). Thirteen genera consisting of a 
total o f 32 strains showed no resistance to any of the test antibiotics and are not
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represented in Tables 7.5 and 7.6. The strains belonged to Atopobium rimae, 
Bifidobacterium species, Brachybacterium congiomeratum, Corynebacterium 
minutissimum, Dietzia maris, Enterococcus faecium, Gemella species, Kocuria 
rhizophila, Micrococcus luteus, Olsenelia species, Propionibacterium acnes, 
Pseudoramibacter alactolyticus, Rothia mucilaginosa and yeasts. This meant that 
152 (184 -  32) strains were represented in these tables. They show that out of a 
possible total of 1467 (184 * 8 [-5 missing clindamycin tests -  excluding 2 controls]) 
outcomes of resistance, 178 (12%) showed resistance by breakpoint concentrations. 
Of these 178,106 (60%) were from treated teeth and 72 (40%) from untreated teeth.
The total number of outcomes for isolates from untreated teeth was 856 (107 x 
8), therefore (72/856) 8.4% of the outcomes showed resistance. Whereas, the 
equivalent number of potential outcomes for isolates from treated teeth was 616 (77 
x 8), giving (106/616) 17.2% that showed resistance. In terms of the proportion of 
isolates showing resistance; (28/88) 32% or out of the total tested (28/107) 26% of 
the “untreated” strains showed resistance. In contrast, (41/64) 64% or out of the total 
tested (41/77) 53% of the “treated” strains showed resistance. A much higher 
proportion of isolates from treated teeth therefore showed resistance to a range of 
antibiotics compared to those from untreated teeth.
Staphylococcus, Lactobacillus, Enterococcus and Veillonella species provided 
the largest number and proportion of recovered strains that were resistant to 
antibiotics. They also exhibited multiple antibiotic resistance. All the Veillonella 
strains recovered were resistant. In contrast, Streptococcus and Slackia species 
were infrequently resistant. There were too few strains in other groups to judge the 
proportional representation in sensitive and resistant groups.
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Table 7.6 Summary data on the total number of strains per major bacterial group, the number displaying resistance and the number 
resistant to specific antibiotics within those groups, stratified by untreated and root-treated tooth origin
Resistant strains Total no. of 
strains
No. of resistant 
strains
PV MZ CM CF VA EC AM TE
U T U T U T U r U T U f U T U T U T U T
Enterococcus faecalis 6 9 0 7 0 0 0 7 0 7 0 1 0 1 0 1 0 0 0 0
Streptococcus spp. 33 11 0 2 0 0 0 2 0 • 0 0 0 0 0 1 0 0 - 0
Lactobacillus spp. 3 21 3 21 0 1 3 21 0 6 0 8 3 17 0 2 0 1 0 3
Staphylococcus spp. 16 6 13 5 10 4 13 5 0 1 0 0 0 0 8 3 11 4 5 0
Actinomyces spp. 0 7 0 1 - 0 - 1 - 0 - 0 - 0 0 1 . 0 - 0
Veillonella spp. 7 1 7 1 0 0 1 1 0 0 0 0 5 0 6 0 0 0 0 0
Peptostreptococcus micros 3 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
Dialister pneumosintes 4 2 1 1 0 0 1 1 0 0 0 0 0 0 1 0 0 0 0
Slackia exigua 15 2 2 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0
Acinetobacter Iwoffii 1 0 1 0 0 1 - 0 m : - 0 ’ ■ 1 0 m 0 0
Bacillus spp. 0 2 0 1 - 0 - 0 - 1 - 0 _ 0 - 0 - 0 - 0
Fusobacterium necrophorum 0 1 0 1 - 0 - 1 - 0 . 0 _ 0 - 0 . 0 - 0
Pediococcus acidilactici 0 1 0 1 - 0 - 1 - 0 - 1 . 1 - 0 - 0 - 0
Total no. of strains 88 64 28 41 10 5 20 40 0 16 0 10 9 19 16 8 12 5 5 3
Overall total no. of strains 152 69 15 60 16 10 28 24 V i r i3
Total no. of episodes 178
Key: blue = untreated; red = root-treated.
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7.4 Discussion
The purpose of this study was to determine antibiotic susceptibilities of the isolates 
from root-treated and untreated teeth, to gain insights into their resistance status, 
the merits of the methodology tested and also to use the resistance profiles to 
confirm or question identity. In addition, the profiles could serve as further potential 
indicators of strain variation amongst species. The indication cannot be regarded as 
definitive because of the potential for plasmid transfer of resistance.
7.4.1 Discussion of methodoiogy
The methods given in NCCLS (2000, 2003) and Murray et al. (1995) were strictly 
followed for the agar dilution technique, including standardisation of the medium, 
their preparation, the freshness of plates and the inoculum. There is considerable 
variation in media recommended for antibiotic susceptibility testing of strict 
anaerobes: PDM or Isosensitest agar (Kahlmeter 1999, BSAC Working Party 1991, 
AB Biodisk 1997, BSAC 2000); brucella blood agar or Wilkins-Chalgren agar 
(Wexler & Doern 1995, AB Biodisc 1997); Mueller-Hinton agar or brucella agar 
(NCCLS 2000). Brucella agar was adopted as the medium of choice as it was 
recommended by AB Biodisk for testing strict anaerobic bacteria (personal 
communication with AB Biodisk’s chief scientist, 2000). It was, therefore, also 
adopted for the agar dilution method to enable direct comparison.
The protocols were refined during pilot studies, when logistics, space 
requirements and the technical assistance needed were established. Antibiotic agar 
plate-making was found to be extremely labour-intensive and time-consuming. The 
plates were always used within 5 days of preparation and stored at 4°C in plastic 
bags in the interim. Standard reference strains were used; one facultative and the 
other a strict anaerobe recovered from a root canal and identified by 16S rRNA gene 
sequence.
In contrast to the manufacturer’s instructions, the E-tests were not placed radially 
on large plates (150 mm) but two to a small plate (90 mm) with the concentration 
gradients in opposite directions (Wust & Hardegger 1992). In this way, the potential 
for the zones of inhibition to overlap was reduced. The best combinations of 
antibiotics were decided during the pilot study so that the antibiotic likely to be 
ineffective was combined with that likely to be highly effective. Inoculating the plates 
and placing the test strips also required two personnel so as to dispense the inocula 
within a specified time. Reading the E-tests could be confounded by the lack of a 
clear-cut zone of inhibition. A consistent policy on scoring had to be adopted when 
one or two resistant colonies remained within the zone of inhibition, indicating
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heterogeneity. The problem of such end-point determination is well known and 
debated (Wexler 1991). The agar dilution method recommends disregarding these 
resistant colonies but the E-test protocol suggests taking them into account during 
reading. In the final analysis, they were taken into account in both cases. The use of 
viable dyes has been suggested to facilitate reading but does not appear to have 
been taken up widely (Wexler 1991).
The selection of breakpoints is another issue that varies from country to country 
and is surrounded by controversy (Wexler 1991). Hallgren et al. (2001) compared 
the outcomes of resistance of enterococci by BSAC, NCCLS and SRGA 
breakpoints. They found good concordance between these except that SRGA 
breakpoints allowed more frequent interpretation at the intermediate level.
7.4.2 Discussion of results
7.4.2.1 Comparison of agar dilution and E-test
A total of 3081 tests were performed but because 7 clindamycin tests were missing, 
only 3074 could be paired giving 1537 comparisons between E-test and agar 
dilution. Overall, agar dilution tended to give higher MIC values with the exception of 
vancomycin where E-test gave higher MIC values on the whole (Table 7.1). 
Comparison of the two methods showed the agreement to be within the range 
reported by previous studies (Citron et al. 1991, Wust & Hardegger 1992, 
Appelbaum et al. 1994, Pierard et al. 1996, Smith et al. 1996, Hall et al. 1998, 
Rosser et al. 1999). There was exact agreement in 61%, agreement within one 
dilution in over 80% and within two dilutions in over 90%. This degree of agreement 
gives some confidence in the validity of the results, as do the reproducibility tests. 
There was variation by antibiotic as previously reported (Hall et al. 1998, Rosser et 
al. 1999, Daher et al. 2002), where cefaclor, vancomycin and different penicillins 
were found to have a different level of agreement. The strains were grouped for 
testing into batches by those requiring similar atmospheric conditions for growth; 
consequently the observed results may be a function of genera or atmospheric 
condition (Pierard et al. 1996, Smith et al. 1996, Rosser et al. 1999, Daher et al. 
2002). In common with many commercially available tests, the E-test provides a 
standardised method and may provide better quality control. E-tests have recently 
also been advocated for direct susceptibility tests on gram-positive cocci from blood 
cultures (Hong et al. 1996). The one source of variation inherent in E-tests is their 
readability (Pierard et al. 1996, Rosser et al. 1999), which depends on the 
discreteness of the zone of inhibition at the point of intersection with the strip. This in 
turn appears to depend on the antibiotic, strain and growth medium (Pierard et al. 
1996, Rosser et al. 1999). Magnification and good lighting were necessary to
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distinguish the point of inhibition. It could sometimes be confused by the haemolysis 
tide-mark and transmitted light could be more helpful than reflected light (Wexler 
1991).
7.4.2.2 Frequency distribution of MICs, their range, MiCso and MIC90
The greater number of points on the scale of E-tests may be considered to be an 
advantage in determination of frequency distributions of MICs in a large number of 
strains. The presentation of all the frequency distribution plots for the combination of 
genera/species, antibiotics and method of test would be too voluminous, instead, the 
data are summarised by the MIC range, MIC50 and MIC90 (Tables 7.2 and 7.3).
One of the benefits of plotting the frequency distribution of the MICs is to enable 
the relationship between the breakpoint concentrations and population of strains to 
be seen clearly. MIC distributions may vary from unimodal normal distributions to 
skewed polymodal distributions, all of which were represented in the strains tested. 
If the breakpoint concentration falls between troughs of bimodal or polymodal 
distributions of MICs, the interpretive classification of strains into sensitive and 
resistant is likely to be reproducible. If, on the other hand, the breakpoint lies in the 
middle of a population group or peak, then the results of interpretive classification 
may be subject to variation (BSAC 1988, Williams 1990). In this study, none of the 
breakpoints were coincident with major population peaks or groups; instead they 
divided them discretely at a trough or tail of the distribution in all cases.
7.4.2.3 interpretive categories based on breakpoint concentrations
The variation in breakpoint concentrations given by different authorities is well 
known but they nevertheless help to provide a threshold for judging the 
resistance/sensitivity status of strains (BSAC 1988, Baquero 1990, Hamilton-Miller 
1997). In this study, the latest breakpoint concentrations given by NCCLS (2003) 
were used; they are stratified by bacterial groups that vary from average values 
(given in Appendix 10.22). The results based on these categories (given in Tables 
7.4-7.6) should be reliable, as demonstrated in 7.4.2.2.
7.4.2.4 Results analysed by antibiotic
Penicillins have antibacterial activity against most gram-positive, many gram- 
negative and anaerobic bacteria. The most notable findings under the penicillin tests 
were that many Staphylococcus strains and one Lactobacillus strain demonstrated 
resistance. Interestingly, none of the Streptococcus species were resistant to 
penicillin, consistent with one study (Tracy et al. 2001), whereas others have found 
them to exhibit resistance that is species-dependent (Teng et al. 1998, loannnidou 
et al. 2001). Concerns have been raised about the emerging resistance among
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Streptococcus anginosus and Streptococcus intermedius species (Bantar et al. 
1996) but none was found here.
Veillonella species are said to be susceptible to penicillin but they do not show 
uniform levels of susceptibility and the mechanisms are not well understood (Reig et 
al. 1997, Ready et al. 2003). (3-Lactamase is not implicated but penicillin-binding 
proteins with low (3-lactam affinity may account for such resistance; none was found 
in the present study.
Amoxicillin (semi-synthetic analogue of ampicillin) belongs to the penicillin group of 
antibiotics. In common with other penicillins, it is active against gram-positive and 
gram-negative bacteria but is also more active against enterococci. It was generally 
found to be very effective but it was surprising to find one strain of Lactobacillus and 
one of Peptostreptococcus micros resistant to it, whilst 15/22 strains of 
Staphylococcus species were also resistant. The enterococci were sensitive to it. 
Metronidazole is characteristically active against anaerobic and micro-aerophilic 
bacteria but resistance mechanisms are known to exist (Edwards 1993). In addition, 
micro-aerophilic bacteria that are susceptible may become resistant by a different 
mechanism (Kirkwood & Johnson 1999, Mendtz & Megraud 2002). Many of the 
facultative species were resistant to this drug, as would be expected. Metronidazole 
is reputedly inactive against most Actinomyces species and this was proved to be 
correct. Of greater relevance, was the observation that several “anaerobic species” 
(according to name labels) showed resistance to metronidazole (even after 
independent retesting), they included; Slackia exigua (P14), Dialister pneumosintes 
(P45I, 725a), Veillonella species (P57, 856) and Fusobacterium necrophorum (725). 
Of these, P14, P45I, P57 and 856 proved not to be strict anaerobes, calling into 
question the accuracy of their identities. This still left the Dialister (725a) and 
Fusobacterium (725) strains with confirmed resistance to metronidazole, a 
previously unreported finding. Both 725a and 725 (which originated from the same 
colony) were confirmed as strict anaerobes, by independent tests (Derren Ready 
2004, personal communication). The identity of the former was Dialister sp. with a 
96% sequence homology and that of 725 was Fusobacterium necrophorum, also 
with 96% sequence homology. The former was designated Propionibacterium acnes 
by biochemical tests with an “excellent” validity score and the latter as 
Fusobacterium nucleatum with a “poor” validity score. The true identity of these 
strains is therefore questioned and they need further characterisation before the 
validity of metronidazole resistance is considered further.
Metronidazole resistance has been reported (though rarely) in anaerobic 
bacteria such as Bacteroides species (Brazier et al. 1999, Elsaghier et al. 2003,
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Jamal et al. 2004), in micro-aerophilic bacteria such as Helicobacter pylori (Jenks & 
Edwards 2002, Koivisto et al. 2004) and in protozoal organisms such as 
Trichomonas vaginalis (Rasoloson et al. 2002). The implicated mechanisms vary 
according to the type of organism. The selective toxicity of metronidazole for 
anaerobic bacteria and protozoa is due to the redox potential of the components of 
their electron transport chain. Resistance to metronidazole involves reduction or 
abolition of elements of this series of electron transport reactions (Jenks & Edwards 
2002). A gene (nim) implicated in Bacteroides resistance has been isolated from 
several species and may be carried on plasmids or chromosomes (Kirkwood & 
Johnson 1999). An alternative resistance mechanism has been proposed for 
anaerobic bacteria exposed to an aerobic atmosphere (Jenks & Edwards 2002). It 
has been suggested that E-tests may over-estimate metronidazole resistance, at 
least in the context of Helicobacter pylori (Henriksen et al. 1996). In this study, 
resistance was only accepted as valid if confirmed by the agar dilution test, therefore 
this possibility is excluded. Further detailed evaluation of the “metronidazole 
resistant” strains will be performed, first to confirm identity and then to investigate 
the nature of resistance.
Clindamycin (lincosamide) has a broad range of activity against aerobic gram- 
positive cocci and anaerobes. Enterococci are, however, generally resistant to this 
drug, whilst it is putatively potent against staphylococci. True to form, 7/15 strains of 
enterococci were resistant but others were sensitive. Surprisingly, 6/24 strains of 
Lactobacillus species were resistant to it, as was 1(/22) Staphylococcus strain. 
Cefaclor (second generation cephalosporin) has a similar mode of action to 
penicillin in that it acts by binding to penicillin-binding proteins (PBPs) of susceptible 
bacteria. This drug has a narrow (though in this generation expanded) spectrum of 
activity against gram-positive and some gram-negative bacteria. The majority of 
bacteria appeared to be susceptible to it, except one strain of Enterococcus faecalis, 
and 8/24 Lactobacillus strains. Noda et al. (2000) had noted a high degree of 
resistance to cepahlosporins amongst enterococci but this was not found in the 
present study.
Vancomycin (glycopeptide) was originally introduced for its efficacy against 
methicillin-resistant staphylococci. It is useful in patients allergic to penicillin and 
cephalosporins. It is active mainly against gram-positive aerobic and anaerobic 
organisms but not against gram-negative bacteria. It was surprising to find a strain 
of Enterococcus faecalis resistant to vancomycin from the root canal system since it 
is not a commonly used antibiotic for oral infections. A large proportion of the 
Lactobacillus strains (20/24) were resistant to it. Interestingly, 3 strains of Veillonella
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species were sensitive, whilst the others were resistant. Given that two of these 
were not strict anaerobes (P57, 856), these have clearly been misidentified by both 
biochemical and 16S rRNA gene sequence.
Erythromycin (macrolide) is characteristically bacteriostatic, though it may be 
bactericidal at high doses or against low bacterial density. It has relatively broad 
spectrum activity against both gram-positive and gram-negative bacteria. It normally 
shows good activity against staphylococci and streptococci. A range of bacterial 
species were found to be resistant to it, including Enterococcus faecalis (1/15), 
Streptococcus species (1/44), Lactobacillus species (2/24), Staphylococcus species 
(11/22), Dialister pneumoslntes (1/6), and Veillonella species (6/8; those sensitive 
were not strict anaerobes). The majority of these came from untreated teeth. Lana et 
al. (2001) found a number of isolates resistant to this antibiotic.
Tetracycline (broad-spectrum bacteriostatic) antibiotics are active against many 
gram-positive and gram-negative bacteria. Many anaerobic bacteria including 
Actinomyces species are sensitive to them. They were found to be generally very 
effective with only 3/24 of the Lactobacillus and 5/22 of the Staphylococcus species 
showing resistance; the Staphylococcus strains were all from untreated teeth.
7.4.2.5 Results analysed by genera and species
The majority of the strains showing resistance did so to multiple antibiotics, in fact 
only 10 strains showed resistance to only one antibiotic. A number of strains showed 
resistance to 5 or more of the antibiotics (794, 821, AR1I, AR1s, P16 MW, 225, 
1291b) and represented Lactobacillus and Staphylococcus species (Table 7.4). 
There was a larger contribution of resistant strains from some clinical samples than 
others but there was a wide spread of sample origin (Table 7.4). Enterococcus, 
Staphylococcus and Lactobacillus species contributed the majority of strains that 
were resistant and also those that had the highest degree of multiple antibiotic 
resistance.
Lactobacillus species in general exhibited multiple resistance, even excluding 
metronidazole, which was the only drug to which there was universally no 
susceptibility (because of constitutive resistance); even though sensitivity is 
recorded (Sutter & Finegold 1976). Within the 24 strains, there was variable 
resistance to all the antibiotics but mainly to metronidazole and vancomycin. Three 
strains originated from a single untreated tooth and they displayed the same pattern 
suggesting that they may represent the same strain. The strains from treated teeth 
originated from one of two teeth, those from R2 exhibited two profiles of resistance 
whilst those from R3 showed a greater variation suggesting different strain origins 
(Table 7.4). Lactobacillus strains have been found to be sensitive to several
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macrolides (Williams et al. 1992) and most of the other antibiotics tested here 
(Sutter & Finegold 1976).
Staphylococcus species were also universally and constitutively resistant to 
metronidazole but were variably resistant to the other antibiotics. Many strains were 
resistant to penicillin (14/22), erythromycin (11/22) and amoxicillin (15/22) but only 
one to clindamycin. All were sensitive to cefaclor and vancomycin but only 5/22 
were resistant to tetracycline. Fourteen strains were resistant to both penicillin and 
amoxicillin. It is possible that these strains may be resistant to methicillin as well. It 
has been suggested that most hospitals have endemic methicillin-resistant S. 
epidermidis in the environment and that these can transfer methicillin resistance 
genes to S. aureus (Dancer 2001). Five strains originated from treated teeth but the 
rate of resistance between the treated and untreated isolates was comparable 
(Table 7.4). The presence of vancomycin-resistant Staphylococcus epidermidis 
would be a concern (Endtz et al. 1999) since vancomycin is regarded as the drug of 
choice against resistant staphylococci (Baykal & Akalin 1989), however none were 
found in the present study. In general though, vancomycin, cefaclor and clindamycin 
were the most effective antibiotics against these species. An additional option 
against resistant strains may be fluoroquinolones (Isenberg et al. 1998, Hardy et al. 
2000).
Enterococcus species offered a range of interesting observations. All were E. 
faecalis, from treated teeth and constitutively resistant to metronidazole, as 
expected. The 7 strains from R2 exhibited 3 patterns of resistance, possibly showing 
different strain origins. One showing resistance to 4 antibiotics was also resistant to 
vancomycin. E. faecalis strains (7/15) also showed resistance to clindamycin and 
one strain to cefaclor and one to erythromycin.
The emergence of resistance in enterococcal species, particularly E. faecium, 
has been commented upon extensively in the literature (Murray 1990, Endtz et al. 
1999, Murdoch et al. 2002). Enterococcus faecalis accounts for 80-90% of 
infections and E. faecium for 5-10% of infections and other enterococcal species 
account for the remainder. Consistent with the findings in this study, the prevalence 
of E. faecium is usually lower than that of E. faecalis but both exhibit multiple drug 
resistance (Hallgren et al. 2001). The prevalence of vancomycin-resistant 
enterococci (VRE) is sporadic but worrying, especially when they include ampicillin 
resistance (Hallgren et al. 2001); those in this study were sensitive to amoxicillin. 
The spread of such resistance is not purely attributed to hospital infections, indeed 
vancomycin as an antecedent treatment was not a risk factor for isolation of VRE 
but treatment with third generation cephalosporins, metronidazole and
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fluoroquinolones was (Carmeli et al. 2002). Another mode of transfer is from animal 
husbandry via meat consumption, with evidence of lower carriage rates amongst 
vegetarians, although certain vancomycin genes were more prevalent in the 
vegetarian population because of their presence in plants (Endtz etal. 1999).
Enterococci are characteristically tolerant of (3-lactams because of low affinity to 
penicillin-binding proteins. E. faecium is reputedly even more resistant than E. 
faecalis (Murray 1990), but this was not found to be the case in this study. Another 
characteristic feature of enterococci is their resistance to clindamycin as shown in 
this study (Murray 1990). Resistance to erythromycin and tetracycline is reported 
(Murray 1990) but in this study all except one strain was sensitive to erythromycin 
and all were sensitive to tetracycline.
Veillonella species have been reported to be susceptible to penicillins, 
cephalosporins, clindamycin and metronidazole but only intermediately susceptible 
to erythromycin (Brook 1996). The latter was confirmed in tests against a number of 
macrolides (Williams et al. 1992). In this study, two strains (P57, 856) were resistant 
to metronidazole but were found to grow in a 5% carbon dioxide environment. It is 
likely that their identity is inaccurate. Interestingly, all but these two strains were also 
resistant to erythromycin, confirming the suspicion. In addition, all but the same two 
strains and another were resistant to vancomycin (intrinsic). It is, however, 
surprising, given that both the 16S and biochemical methods confirmed their 
designation as Veillonella sp. Veillonella strains P57 and 856 clustered together with 
the other Veillonella strains but as a separate subgroup (Figure 4.3); 856 was 
identified by 16S with 98% and P57 with 96% sequence homology. The biochemical 
profiles had scored both as “low discrimination”, the two strains clustered separately 
in the biochemical dendrogram (Figure 5.4b). Strain 856 had grouped with the 
Actinomyces strains. These strains (P57, 856) need to be characterised further.
All strains were sensitive to penicillin, clindamycin, cefaclor, amoxicillin and 
tetracycline. All strains from the untreated tooth source originated from the same 
tooth but exhibited three patterns of resistance, possibly suggesting different strain 
origins. Resistance to the other antibiotics amongst Veillonella strains has been 
previously reported, although it is usually limited to a few strains (Cullman et al. 
1993, Eicketal. 1999).
Actinomyces species Only one of seven strains was found to be resistant, to 
metronidazole and erythromycin. Resistance has previously been reported to a 
variety of antibiotics (Cullman et al. 1993, Garcia-Rodriguez et al. 1995, Feres et al. 
2002) but a high proportion are resistant to metronidazole, though this may be 
intrinsic (Garcia-Rodriguez etal. 1995).
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Dialister and Slackia species Two of six Dialister strains (P45I, 725a) and two of 
seventeen Slackia strains (P14, P64) showed antibiotic resistance. The resistant 
strains originated from 3 teeth; two untreated and one treated.
The two Dialister strains were both resistant to metronidazole and, in addition, 
one was resistant to erythromycin. This latter strain (P45I) was found to grow in a 
5% carbon dioxide atmosphere and therefore was not a strict anaerobe, casting 
doubt on its identity. The strain had clustered with other Dialister strains in the 
phylogenetic tree (Figure 3.1) but only obtained a sequence homology of 94%. The 
biochemical profile was returned as “unidentified" (Table 5.1). The resistance of the 
other strain (725a), which was previously unreported, has been confirmed by 
independent tests (Derren Ready 2004, personal communication). The identity of 
this strain was obtained with 96% sequence homology, it clustered with other 
Dialister strains (Figure 4.3) and was given the biochemical identity of 
Propionibacterium acnes (Table 5.1, Figure 5.4a). Clearly these two strains should 
be characterised further.
The 2 Slackia strains from different teeth displayed different resistance profiles; 
one was resistant to metronidazole (P14) and the other to erythromycin (P64). The 
identity of these strains was doubtful given that the sequence homology was 94% 
and 93%, respectively. These strains grouped together on the phylogenetic tree 
(Figure 3.3) and in conjunction with the other Slackia strains. Their biochemical 
identities were returned as Eubacterium lentum. Once again, the strain resistant to 
metronidazole was found to grow in an atmosphere of 5% carbon dioxide, casting 
doubt on its identity.
Streptococcus species have been widely tested for resistance to various 
antibiotics (Bantar etal. 1996, Traub & Leonhard 1997, Teng etal. 1998, Limia etal. 
1999, Rodriguez-Avial et al. 2001, loannidou et al. 2001, Tracy et al. 2001) and 
although this was a dominant group in the present study, only 2/44 strains showed 
resistance; both strains originated from separate treated teeth. They were both 
resistant to metronidazole although this may be constitutive (Feres et al. 2002). The 
other one was also resistant to clindamycin and erythromycin. Amongst 
Streptococcus species, high levels of species-dependent resistance have been 
found to penicillin (Bantar et al. 1996, Teng et al. 1998), macrolides including a 
penicillin-macrolide resistant phenotype (Teng et al. 1998, Limia et al. 1999, 
Rodriguez-Avial et al. 2001, loannidou et al. 2001), tetracycline (Teng et al. 1998, 
loannidou et al. 2001) and clindamycin (Limia et al. 1999, loannidou et al. 2001, 
Tracy et al. 2001). It is surprising to note that in the present study, whilst high
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resistance rates were indeed found, this genus made only a small contribution to the 
group.
7.4.2.6 Treated and untreated tooth origin of resistant strains
The treated and untreated tooth origin of the resistant strains and their resistance to 
the various antibiotics was given in Table 7.6 but unfortunately it was not possible to 
compare the groups statistically as the method of sample retrieval was different for 
the two groups. Nevertheless, it is apparent from the various analyses that a higher 
proportion of strains from the treated teeth were resistant to more of the antibiotics. 
Of a total of 1467 possible outcomes (184 strains * 8 antibiotics, minus 5 missing 
tests for clindamycin [excluding controls]), 12% showed resistance by breakpoint 
concentrations. Of these 12%, strains from untreated teeth contributed 40% and 
those from treated teeth 60%. Viewed another way, the proportion of outcomes from 
untreated teeth that were resistant was 8.4%, whilst those from treated teeth was 
17.2%. Viewed purely as proportions of isolates from untreated to treated teeth that 
were resistant, the ratio was 26%:53%. This observation cannot be explained on the 
grounds of antibiotic history. None of the patients from whom the treated teeth were 
retrieved had taken antibiotics in the previous 6 months, whereas several of the 
patients from whom the untreated samples were taken had received antibiotics. The 
patients from whom samples C10 and C16 were obtained had received antibiotics 
one month previously, the patient from whom sample C8 was received had taken 
antibiotics two months previously and those who gave samples C15 and C16 had 
both taken antibiotics 3 months previously. No obvious relationship was discernible 
between antibiotic history and resistance.
The spectrum of resistance to multiple antibiotics in Enterococcus species was 
also noted by Dahlen et al. (2000) who had recovered their strains from persistent 
infections. The observation that Enterococcus species appear to have a higher 
potential for resistance compared to other species (although in this study they were 
comparable to Staphylococcus and Lactobacillus species) was also noted by Noda 
et al. (2000). The study shows that isolates from root-treated teeth potentially 
harbour resistance to multiple drugs. This is consistent with Engstrom (1964), Fox & 
Isenberg (1967) and Heintz et al. (1975) but reflects more closely the observation of 
Noda et al. (2000) on isolates from persistent infection. There is a direct correlation 
between resistance and history of topical antibiotic use in root canals (Fox & 
Isenberg 1967, Heintz et al. 1975), but resistance to other antibiotics was 
considered to arise by transmissible genetic elements. Given the lack of correlation 
with systemic antibiotic history in this study, it is possible that resistance was 
induced by subinhibitory doses of various drugs during root canal treatment or
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transferred amongst species by transmissible elements in the root canal system. It is 
also possible that cross-resistance is coded for by some elements to several drugs 
(Leclercq et al. 1989, Noble et al. 1992, Dancer 2001). Some of these strains were 
selected for another study in our laboratory to gauge the potential for induction of 
resistance by exposure to subinhibitory doses. Two strains each of Lactobacillus 
species, Enterococcus faecalis, Staphylococcus species and Veillonella species 
were exposed to subinhibitory doses of antibiotics (erythromycin, penicillin, 
metronidazole) and antiseptics (sodium hypochlorite, iodine, chlorhexidine). It was 
found that the MICs were, indeed increased, sometimes beyond breakpoint 
concentration thresholds and that the responses were species-, strain-, antibiotic- 
and antiseptic-dependent (Mohammed Daud et al. 2002). Further work may reveal 
development of cross-resistance as a function of exposure to restricted numbers of 
agents.
7.4.2.7 Comparison with findings of previous studies on root canal isolates
Slack (1953) reported that 5% of the gram-positive organisms were resistant to one 
of the three concentrations of penicillin compared to 22% of the gram-negative 
organisms. The gram-positive organisms consisted of streptococci, staphylococci, 
pneumococci and lactobacilli. He found the resistance of lactobacilli was increased 
when they were mixed with streptococci. It was not clear whether this was due to 
resistance transfer or other mechanisms.
A number of studies have found low rates of resistance among root canal 
isolates from previously untreated teeth (Wittgow & Sabiston 1975, Sundqvist 1976, 
Goodman 1977, Le Goff et al. 1997, Lana et al. 2001). Other studies have 
determined the antibiotic susceptibility of the bacterial flora associated with 
persistent infection during root canal treatment.
Engstrom (1964) found low rates of resistance (3-6%) to penicillin (6%), 
chlortetracycline and oxytetracycline (4%) and tetracycline (3%), while all strains 
were sensitive to erythromycin. This was confirmed by Goldman & Pearson (1969) 
who evaluated penicillin, erythromycin, Chloromycetin and tetracycline. Only one 
Enterococcus strain was resistant to both penicillin and erythromycin.
Mejare (1975) evaluated the susceptibility of Streptococcus faecalis and 
Streptococcus faecium (as he designated them) and found that all isolates were 
susceptible to ampicillin, but with a few exceptions, there was lower susceptibility to 
erythromycin and penicillins G and V. In the same year, Heintz et al. (1975) reported 
enterococcal strains to be uniformly sensitive to ampicillin and vancomycin but noted 
varying resistance to cephaloridine, cephalonthin and tetracycline. In addition, all 
strains were either intermediately or wholly resistant to clindamycin and penicillin.
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In 1967, Fox & Isenberg had tested the susceptibility of streptococci, 
enterococci, and staphylococci that survived treatment and found 15% of 276 
isolates to be susceptible to topical antibiotics and 43% resistant to more than 3 
antibiotics. This is an early record of multiple antibiotic resistance in endodontics.
More recently, Noda et al. (2000) tested the susceptibility of bacteria in root 
canal exudates from persistent apical periodontitis, where Enterococcus and 
Streptococcus species were most commonly detected. The Enterococcus species 
appeared to be more highly resistant than the other species, especially to 
cephalosporins. Noda et al. (2000) noted that the susceptibilities varied even among 
the same species. In the same year, Dahlen etal. (2000) reported on 26 isolates of 
Enterococcus faecalis and 3 of Enterococcus faecium from persistent infections, that 
had failed to respond to calcium hydroxide therapy. The isolates were resistant to 
benzylpenicillin, ampicillin, clindamycin, metronidazole, and tetracycline but 
sensitive to erythromycin and vancomycin. The chronological findings, subjectively 
suggest a gradually rising problem of resistance, especially in enterococci.
A relatively high prevalence of resistant strains was found among the isolates 
tested in the present study (69/184 [37.5%]), particularly in root-treated teeth (53% 
versus 26%). This is not in accordance with the findings of other studies in general. 
The majority of previous studies evaluating isolates from root canals or abscesses, 
found them to have a high degree of susceptibility (Slack 1953, Wittgow & Sabiston 
1975, Mejare 1975, Lewis et al. 1988, 1989, Vigil et al. 1997, Le Goff et al. 1997, 
Noda et al. 2000, Kuriyama et al. 2002a). However, there were exceptions in some 
studies (Hobson 1959, Hunt etal. 1978, Quayle etal. 1987, Lana etal. 2001).
Three main explanations may be advanced, first, that the clonal variants with a 
higher resistance are already present within the primary infection, but by selective 
pressure are present in small enough numbers not to be noticed. Upon exposure to 
treatment regimes, these clonal variants may come to dominate the residual 
infection. The second explanation may lie in the differences between those strains in 
the infection that are exposed to the full brunt of the treatment regimen and those in 
secluded areas of the root canal system that are exposed to subinhibitory levels . 
The treatment regimens in general have not involved specific, topical or systemic 
antibiotics. It is therefore speculated that the higher prevalence of resistance may be 
explained by adaptive changes in specific strains (exposed to subinhibitory levels) 
resulting in a generalized “resistance status”. A third explanation may lie in 
possibility of transfer of “multiple resistance” genes (Leclercq et al. 1989, Noble et 
al. 1992). The sampling protocol may have allowed the resistant strains in the 
secluded areas of the root canal system to be more easily recovered in this study.
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7.5 Conclusions
The following conclusions were drawn:
The agar dilution and E-test methods gave broadly comparable MIC data for the 
isolates tested in this study (61% exact agreement, 80% agreement within one 
doubling dilution and 90% agreement within two doubling dilutions).
Frequency distribution plots of the MICs for each antibiotic and bacterial group 
together with their breakpoint concentrations showed that the interpretive categories 
were reliable.
A total of 69/184 (38%) of the strains exhibited resistance to at least one of the 8 
antibiotics tested and the majority (86%) of the resistant strains had multiple drug 
resistance.
A higher proportion (53%) of strains from root-treated teeth was resistant 
compared to those from untreated teeth (26%); the main groups of resistant bacteria 
were: lactobacilli, staphylococci and enterococci.
Antibiotic resistance profiles either helped confirm or question identities based 
on 16S rRNA gene sequence and biochemical tests. Some strains showing 
uncharacteristic resistance profiles need to be characterised further to establish their 
true identities.
Antibiotic resistance profiles enabled strains from the same tooth to be 
differentiated into groups with possibly different origins. The resistant strains 
originated from many teeth, but a large proportion was from a select few teeth, 
possibly suggesting gene transfer between bacteria within root canals.
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Chapter 8 
General discussion and conclusions
The results of successive chapters have already been compared and discussed as 
the study (and thesis) has developed, as it was necessary to integrate the findings 
“polyphasically”. The purpose of this chapter was to comment on the polyphasic 
approach to identification, compare the overall findings with the relevant systematics 
literature, discuss the implications of the findings, propose further studies and 
summarise the overall conclusions.
8.1 Polyphasic taxonomy
Identification of pure isolates did not prove to be straightforward as witnessed by the 
lack of confirmation between 16S rRNA gene sequence data, 16S-23S intergenic 
amplicon profile, enzyme test data, and antibiotic sensitivity profiles in this study. 
The results did not always correlate; posing a well recognised problem as each 
approach merely provided a different frame of reference for viewing each strain. The 
challenge lies in integrating this diverse range of information into a unified view of 
each strain that accounts for the entire genotypic and phenotypic character and 
helps determine its identity in a truly polyphasic manner (van Damme et al. 1996). 
To achieve such a feat subjectively is difficult, even with the relatively small data set 
gathered in this study, let alone the full range of tests that could potentially be 
considered. There is a need for a mathematical approach to achieving such 
integration of chosen character states. The identity of isolates obtained by a single 
method cannot be considered to be definitive, although some measures may give 
good estimates of the probable identity. This is particularly likely when the sequence 
match exceeds 98% and correlates with the phenotypic identity with at least an 
“acceptable” score. Only 27 (15%) isolates met these criteria, many others had 
excellent identification by either biochemical or 16S rRNA gene sequence but not by 
both (Chapter 5). In order to pinpoint the bacterial species responsible for initiation 
and perpetuation of disease, or acute exacerbation and resistance to treatment of 
periapical disease, it is important to identify isolates accurately. The problem is 
universal but its complexity varies by taxa and this is explored in the next section by 
individual groups.
There is an absence of precise correlation between specific bacterial species 
and periapical disease development (Lana et al. 2001), or treatment resistance. 
Accurate identification of species and resolution of strain variation is potentially
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important as subspecies variation (Chapters 5, 6 and 7) may account for properties 
that confer the ability to induce disease or resist treatment (Pupo et al. 1997, 
Takahashi 1998, Bowden 1999). Strain variation amongst root canal isolates has not 
been investigated other than by Sundqvist (1976), who undertook a detailed 
analysis of the biochemical characteristics of his isolates.
Variability among organisms is expressed in numerous different molecules but in 
slightly different ways (Chapter 6). Any character that reveals part of this variability 
is therefore useful but some may have greater value than others (van Damme et al. 
1996). Use of a single character trait or a monophasic approach is likely to fail to 
place organisms into their natural classification. A cluster of diverse genotypic and 
phenotypic methods should be used for characterising strains and integrated 
polyphasically to determine identity. This study showed that restricted frames of 
reference (16S rRNA sequence or biochemical profiles alone) may give different 
identities that do not match even at the genus level (28%). Each approach taken in 
isolation therefore gave different measures of species richness, which was generally 
higher with the molecular approach.
8.2 Comparison of findings with the systematics literature
The spectrum of possible gram-positive coccoid genera that could have been 
retrieved from the root canals is potentially broad, encompassing Aerococcus, 
Coprococcus, Deinobacter, Deinococcus, Enterococcus, Gemella, Lactococcus, 
Leuconostoc, Marinococcus, Melissococcus, Micrococcus, Pediococcus, 
Peptococcus, Peptostreptococcus, Planococcus, Ruminococcus, Saccharococcus, 
Salinicoccus, Sarcina, Staphylococcus, Stomatococcus, Streptococcus, 
Trichococcus, Vagococcus, Globicatella, Helcococcus, Alloiococcus and 
Tetragenococcus (Bergey’s manual 1994, Facklam & Elliot 1995, Wren 1996, 
Bascomb & Manafi 1998, Murdoch 1998). Many of these species have been 
recovered from root canals. Novel species may be named or existing species 
renamed after genotypic and phenotypic characterisation; such adjustments in 
classification and names occur on a continual basis, influencing the picture of 
diversity, which therefore alters with time. It was therefore noted that the 16S 
sequences were compared with databases during the first six months of 2000.
Accurate identification of cultivable bacteria requires pure cultures but in this 
study a number of isolates (11/166 = 6.6%) appeared to be “mixed” and difficult to 
separate; C82, C85, AR1, AR3, KG2, P16, P37b, P38b, P45, 1287a and 708. That it 
may be difficult to isolate some organisms to purity has been reported previously
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(Kilian etal. 1989, Mikkelsen etal. 2000). Kilian etal. (1989) highlighted the difficulty 
this may cause in identification, with intermediate patterns of reactivity in 
biochemical tests. Similarly, 16S rRNA gene sequencing may reveal mixed 
sequence, though in this study (Chapter 4), where it occurred, it was confined to 
discrete lengths of the fully sequenced gene. It could not be definitively inferred that 
this was due to a mixed culture as opposed to the presence of multiple operons. 
Close symbiotic associations are known amongst root canal bacteria (Sundqvist 
1992a) which may require multiple subcultures before species are separated 
(Mikkelsen et al. 2000). It was observed during subculture that some strains were 
lost after separation, as reported by others (Hirai et al. 1991). This problem when 
recognised, is sometimes overcome by cross-streaking the subculture plates with 
the associated organism(s) (if known).
There was no obvious association between the clinical conditions from which the 
samples were obtained and the occurrence of “mixed” colony morphotypes. Each of 
the “mixed” colonies was subcultured for long periods (~4 months) while trying to 
separate the strains. However, the “mixed” isolates were also frozen in BHI/glycerol 
(10%) at -70°C at the outset, in case they were lost during subculture. These were 
revived and used in later experiments to account for any laboratory attenuation as a 
result of the long period of subculture (Smibert & Krieg 1994). No differences were 
found in the results from frozen and laboratory maintained strains by any of the 
tests.
In all cases, two-colony morphotypes were evident; size difference was a feature 
in all except one case (P16). In addition, there was also a colour difference (P16, 
KG2, C8), and in two cases there were matt and shiny colony morphotypes (AR3, 
1287a). Repeated subculture produced variations from culture to culture but these 
differences were small. The strains were investigated by Gram staining, selective 
antibiotic plates (vancomycin, naldixic acid/colistin), SEM, TEM, enzyme tests, 16S 
rRNA PCR, molecular cloning, gene sequencing and intergenic PCR. No differences 
were discerned; the suggestion was that each colony morphotype was dominated by 
a different strain belonging to the same species. It is possible for more than one 
phenotype to differentiate in the same colony (Schindler 1993) and for strain 
variants to exhibit different colony morphotypes (Tam & Chan 1983, van Dalen et al.
1993).
8.2.1 Streptococcus species
This is a large and heterogenous group whose classification is complicated by 
historical subgroupings and labels (viridans, Lancefield) that are not in harmony with 
phylogenetic clusters (Whiley & Beighton 1998).
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The inconsistencies in identification of the Streptococcus species in this study 
were largely a function of the differences in the labels (or names) accorded to the 
strains on the basis of the characteristics measured. Taken collectively, the 
information from different measures is sometimes reinforcing (probable identities) 
and at other times contradictory (strain variants or novel taxa). Of the 42 strains of 
Streptococcus species, only 15 (36%) were identified with certainty by both 16S 
rRNA and enzyme tests. Given the strain diversity underlying some of the species in 
this genus, this observation is no surprise.
Streptococcus species are sub-divided into several smaller groups (Kawamura 
etal. 1995, Whiley & Beighton 1998) called:
• “pyogenic” group -  S. equi, S. pyogenes, S. canis, S. porcinus, S. iniae, S. 
agalactiae, S. uberis, S. parauberis, S. hyointestinalis, S. suis, S. 
acidominimus, S. urinalis, S. difficile (Jayarao et al. 1991, Collins et al. 
2000c, Berridge etal. 2001, Hassan etal. 2001);
• “anginosus” or “milleri"group -  S. anginosus, S. constellatus, S. intermedius 
(Whiley et al. 1995, Sultana et al. 1998, Bartie et al. 2000);
• “mitis” or “sanguinis” group -  S. sanguinis, S. parasanguinis, S. gordonii, S. 
mitis, S. pneumoniae, S. oralis, S. infantis, S. peroris, S. cristatus, S. 
australis (Gamier et al. 1997, Kawamura et al. 1998,1999, Rudney & Larson 
1999, Willcox etal. 2001);
• “salivarius” group -  S. salivarius, S. vestibularis, S. thermophilus, S. waiu, S. 
macedonicus (Flint etal. 1999, Manachini etal. 2002);
• “bows" group (S. bovis, S. alactolyticus, S. equinus);
• “mutans” group (S. downeii, S. sobrinus, S. macaccae, S. cricetus, S. 
mutans, S. ratti).
It was of concern that sometimes the misidentification in this study extended 
beyond these subgroups, however the procedures could not be faulted and selected 
repetition of tests confirmed original identities. Similar misidentifications of 
biochemically identified S. anginosus strains have been reported before. Some were 
found by 16S rRNA to be closely related to S. parasanguinis (Sultana et al. 1998).
The degree of biochemical heterogeneity exhibited by oral streptococci has 
prompted the postulation of a continuous series in which named species served only 
as reference points (Whiley & Beighton 1998). According to this theory, strain 
variation and misidentification amongst closely-related species would be the norm. 
This study showed the potential diversity amongst the Streptococcus species and 
also amongst S. anginosus species, though not to the extent reported (Whiley et al.
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1997, Jacobs et al. 2000). Identification of such strains may suffer from inaccuracy 
(Whiley & Beighton 1998). S. anginosus, as currently defined, exhibits a 
considerable degree of intra-specific diversity and may represent more than one 
subspecies or species. Several pieces of evidence have been quoted to support this 
contention: (1) the existence of a distinct biotype capable of fermenting mannitol and 
raffinose (Ruoff & Kunz 1982) (none of my strains was positive for raffinose, 
unfortunately, the mannitol test was missing); (2) differentiation by long-chain fatty 
acid analysis and pyrolysis mass spectrometry (Winstanley etal. 1992); (3) relatively 
broad range of DNA homology values (51-100%) amongst strains of S. anginosus 
(Whiley & Hardie 1989); (4) 16S-23S rRNA intergenic spacer region size 
polymorphisms (Whiley et al. 1995); (5) ribotyping (Doitt et al. 1994, Jacobs et al.
2000); and (6) isolation of strains closely related to S. anginosus that exhibit “gliding 
motility” (Bergman et al. 1995). Whiley & Beighton (1998) further felt that insufficient 
evidence had so far been presented to divide S. anginosus into subspecies or more 
than one species. Jacobs et al. (2000) confirmed the heterogeneity within S. 
anginosus by showing 5 ribo-groups with different phenotypic characteristics and 
clinical relevance.
Another group of strains likely to be misidentified as streptococci are Abiotrophia 
species (Bottone et al. 1995, Ohara-Nemoto et al. 1997, Roggenkamp et al. 1998, 
Sato et al. 1999, Mikkelsen et al. 2000). These species are fastidious, seen as 
satellite colonies around other colonies, grow in complex enriched media and exhibit 
a changeable Gram-staining nature. They are characterised by specific growth 
requirements, satellitism, pyrrolidonyl arylamidase activity and bacteriolytic activity. 
Conventional biochemical identification kits such as the one used in this study do 
not offer the pyrrolidonyl arylamidase test and so are likely to misidentify the 
organisms as S. mitis (Mikkelsen et al. 2000). PCR detection by 16S rRNA is 
possible using specific primers but it has recently been proposed that the genus is 
not monophyletic and should be divided into two to create a new genus 
Granulicatella (G. adiacens, G. elegans, G. balaenopterae), leaving Abiotrophia 
defectiva as a sole species (Collins & Lawson 2000).
Difficulty in identification of Streptococcus species because of heterogeneity, 
particularly within the “mitis”, “milleri” and “mutans” groups has prompted some 
investigators to explore the utility of the gene sequence encoding the manganese- 
dependent superoxide dismutase enzyme. Poyart et al. (1998) proposed the sodA 
gene as a more discriminative sequence target than the 16S rRNA gene for 
differentiating closely-related Streptococcus species.
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8.2.2 Enterococcus species
Enterococci have been implicated in periodontal (Rams et al. 1992) and periapical 
disease (Engstrom 1964, Allard et al. 1987). Although the genus contains a large 
number of species (E. faecalis, E. faecium, E. durans, E. hirae, E. mundtii, E. 
gallinarium, E. casseliflavus, E. favescens, E. sulfurus, E. saccharolyicus, E. asini, 
E. avium, E. cecorum, E. columbae, E. dispar, E. malodoratus, E. pseudoavium, E. 
raffinose, E. solitarius, E. seriolicida) (Bergey’s manual 1994, Manero & Blanch 
2002), only a limited number apparently present as root canal isolates. They do not 
appear to be found with any great frequency in other sites or animals either 
(Devriese etal. 2002). Conventional test schemes (Facklam & Collins 1989, Manero 
& Blanch 1999, Willey et al. 1999, Day et al. 2001) have not been able to give 100% 
identification and consequently molecular approaches have been extensively 
investigated because of the importance of the species in nosocomial infections.
In this study, only 6 (38%) strains obtained acceptable identity matches by 16S 
rRNA sequence (> 98%) and biochemical profile (£ acceptable). The PCR-based 
approaches to dissect the diversity and obtain more accurate identities have 
included: specific and random amplified polymorphic DNA (RAPD) (Monstein et al. 
1998, Knijff et al. 2001a, b); RFLP of 16S rRNA amplicons (Jayarao et al. 1992, 
Svec et al. 2001); and 16S rRNA gene sequencing (Patel et al. 1998, Angeletti et al.
2001).
The 16S rRNA gene has also been investigated for its utility in differentiating 
between the main Enterococcus species (Jayarao et al. 1992, Monstein et al. 1998). 
Jayarao et al. (1992) were able to distinguish E. faecalis and E. faecium by RFLP 
analyses of 16S amplicons using the Msp I restriction enzyme. Monstein et al. 
(1998) used broad-range 16S rDNA PCR to type enterococcal isolates. By using 
partial 16S rDNA sequence analysis of variable regions V4 and V9, it was possible 
to divide the 19 type strains into 12 groups. They considered that further division of 
unresolved species groups would be achievable if regions other than V4 and V9 of 
the 16S rRNA gene were used.
The intergenic spacer region has been targeted by numerous authors with 
variable success (Tyrrell et al. 1997, Naimi et al. 1997, Gurtler et al. 1999, Baele et 
al. 2000, Molander et al. 2002, Devriese et al. 2002). Where a good sequence 
match has been perceived to exist, the use of specific hybridisation probes has been 
considered (Donabedian etal. 1995, Manero & Blanch 2002).
Even these methods have failed to provide identification with complete certainty 
and as a result other genes have been targeted to investigate their utility, including 
the sodA gene (Poyart et al. 2000), domain V of the 23S rRNA gene (Tsiodras et al.
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2000), ddl genes (Knijff et al. 2001a) and the tuf gene (Ke et al. 1999). These show 
promise in providing greater discrimination between enterococcal species.
8.2.3 Staphylococcus species
This group is also large and diverse and has gained importance because some of its 
members have been implicated in nosocomial infections, at first mainly coagulase- 
positive but recently also coagulase-negative species (Storoe et al. 2001). The 
Staphylococcus species include S. aureus (including subspecies), S. capitis 
(subspecies), S. caprae, S. carnosus, S. caseolyticus, S. chromogenes, S. cohnii 
(including subspecies), S. auricularis, S. arlette, S. delphini, S. epidermidis, S. 
equorum, S. felis, S. gallinarium, S. haemolyticus, S. hominis, S. hyicus, S. 
intermedius, S. kloosii, S. lentus, S. lugdunensis, S. saccharolyticus, S. warned, S. 
saprophyticus, S. schleiferi (including subspecies), S. sciuri, S. simulans and S. 
xylosus (Goodfellow et al. 1983, Geary et al. 1989, Bergey’s Manual 1994). These 
are often considered under coagulase-positive and coagulase-negative species.
The important coagulase-positive species include S. aureus, S. intermedius and 
S. hyicus, which have been investigated by 16S rRNA gene, in particular the 
differentiation of S. intermedius from the other two (Wakita et al. 2002). The majority 
of studies appear to focus on the coagulase-negative species, which have been 
investigated by real-time PCR of the 16S rRNA gene (Edwards et al. 2001), primer- 
specific PCR (Gaszewska-Mastalarz et al. 1998), ribotyping (Gaszewska-Mastalarz 
et al. 1998, Marsou et al. 2001), random amplified polymorphic DNA (Vandenesch 
et al. 1995, Marsou et al. 2001) and 16S rRNA-directed in situ hybridisation 
(Krimmer et al. 1999), with variable success. The 16S-23S rRNA intergenic region 
has also been targeted with some success (Maes et al. 1997, Mendoza et al. 1998, 
Lee & Park 2001, Marsou et al. 2001).
In this study, only one strain (4.5%) was identified with certainty by both 16S 
rRNA sequence and biochemical profile. The latter gave poor discrimination whilst 
the 16S rRNA gene sequence gave £ 98% sequence homology in about half the 
strains. The intergenic PCR revealed several closely related patterns and together 
with the antibiotic profiles suggest a degree of strain variation.
The absence of a universally successful identification method has prompted 
wider searches for other unique measures. Some of these include the Hsp 60 gene 
(Goh et al. 1996, Kwok et al. 1999), tuf gene (Martineau et al. 2001), sodA gene 
(Poyart et al. 2001), RFLP of gap gene (Yugueros et al. 2001) and partial 
sequencing of rpoB gene (Drancourt & Raoult 2002). These approaches show 
promise in appearing to allow specific detection at genus and species levels but not 
necessarily subspecies levels. It has been suggested that discrimination at
270
Chapter 8 -  Discussion and conclusions
subspecies level using pulsed field gel electrophoresis (PFGE) may be a useful way 
of gaining better insight into causative organisms (Kim et al. 2000).
8.2.4 Lactobacillus species
This vast group of bacteria is of importance in the dairy/probiotic industry and 
medical microbiology. According to Bergey’s manual (1994), this genus (> 60 
species) requires special expertise to differentiate it because many test reactions 
are weak and dependent on composition of the media and the exact cultural 
conditions. The oral lactobacilli may consist of the following species: L. salivarius, L. 
acidophilus, L. animalis, L. rhamnosus, L. casei, L. plantarum, L. oris, L. reuteri, L. 
vaginalis and L. fermentum (Ahrne et al. 1998). The overall taxonomic groupings 
have been described (Holzapfel et al. 2001) but identification of Lactobacillus strains 
to species level is not possible on a routine basis as commercially available 
carbohydrate fermentation kits fail to identify various species. It is recommended 
that these tests are supplemented with genotypic methods (Felten et al. 1999, Song 
etal. 1999, Nigatu 2000).
In this study, only 3 (16%) strains were identified accurately by 16S rRNA as well 
as biochemical profile. Some were accorded good identification matches but were 
inaccurate, whilst 16S rRNA sequence matches returned 8 strains with > 98% 
homology. This is in agreement with the observations in the general literature. In 
one study, L. uli was found to be phenotypically similar to Atopobium parvulum and 
A. rimae but was differentiated by 16S rRNA gene sequence analysis (Downes et al.
2001).
A number of PCR-based approaches targeting the 16S rRNA gene have been 
proposed and used with variable success: genus-level identification by nucleotide 
sequence of the 16S-23S rRNA spacer region (Dubernet et al. 2002); use of 
specific primers targeted at the variable regions of selected species (Kullen et al. 
2000, Chagnaud et al. 2001); multiplex PCR to differentiate L. pontis from L. panis 
(Muller etal. 2000b); and sequencing (Mori etal. 1997).
Song et al. (2000) developed a two-step multiplex PCR assay to identify human 
intestinal lactobacilli to species level using a mixture of group-specific primers 
followed by 4 multiplex PCR assays with 4 sorts of species-specific primer mixtures. 
They considered their method to be simple, rapid and reliable.
Various other molecular approaches have also been used to identify 
Lactobacillus strains. The most common of these is random amplified polymorphic 
DNA applied to different groups of species using novel modifications. Two primer or 
five single primer reactions were used for a number of species by Du Plessis & 
Dicks (1995) and Roy et al. (2000), respectively, with some success. Multiplex
271
Chapter 8 -  Discussion and conclusions
RAPD-PCR was used to identify various Lactobacillus strains (Daud Khaled et al. 
1997). RAPD has also been used in conjunction with AFLP and SDS-PAGE in a 
polyphasic approach to differentiate L. acidophilus from related species (Gancheva 
etal. 1999).
The 16S-23S rRNA intergenic region has been widely used and was discussed 
in Chapter 6 (Berthier & Ehrlich 1998, Nour 1998, Song et al. 2000, Baele et al. 
2002). Other approaches to typing and identification of these species include 
denaturing gradient gel electrophoresis (Walter et al. 2000) or temperature gradient 
gel electrophoresis (Vasquez et al. 2001, Ogier et al. 2002) using the 16S rRNA 
gene. Ribotyping (Zhong etal. 1998) and PFGE (Abs El-Osta etal. 2002) have been 
used to investgate strain variation.
Numerous other techniques have also been tried in an attempt to differentiate 
species and strains, some with promising results. One is the so-called repetitive 
bacterial DNA elements fingerprinting (rep-PCR) using the GTG primer which was 
able to differentiate 26 species to strain level (Gevers et al. 2001). Intra-species 
variation of L. rhamnosus has been analysed by total soluble cytoplasmic protein 
using SDS-PAGE (Klein et al. 1995). Another technique used the electrophoretic 
pattern of peptidoglycan hydrolases to distinguish between 10 Lactobacillus species 
(Lortal et al. 1997). Lectin typing has been used to distinguish species by their 
agglutination patterns (Annuk et al. 2001). The S-layer protein gene has also been 
targeted for identification of L. crispatus. A combination of some of these newer 
techniques has been used to propose new species, including L. frumenti (Muller et 
al. 2000a) and L. coleohominis (Nikolaitchouk etal. 2001) and to differentiate others, 
such as L. helvetlcus and L. delbrueckii (subspecies) (Delley & Germond 2002) and 
L. hilgardii from L. brevis (Sohier et al. 1999). The problem of differentiating 
Lactobacillus species seems on the verge of resolution and is likely to be a 
productive area of research.
8.2.5 Eubacterium-like species
This is a heterogenous group of gram-positive, non-spore-forming, anaerobic, small 
rods (varying from cocci to long rods), many of which are slow-growing, fastidious 
and unreactive to biochemical tests. Their cultivation, identification and taxonomy 
are problematic (Bergey’s Manual 1994, Downes et al. 2001). Differentiation of such 
strains by genotypic and phenotypic means may resolve them into Atopobium, 
Bulleida, Cryptobacterium, Dialister; Eubacterium, Filifactor, Lactobacillus, 
Mogibacterium, Pseudoramibacter and Slackia species (Downes et al. 2001). 
Recently, several Eubacterium-Wke isolates (some from root canals) have been 
characterised or proposed as novel species: Cryptobacterium curtum was proposed
272
Chapter 8 -  Discussion and conclusions
as a new genus (Nakazawa et al. 1999); Eubacterium timidum was reclassified as 
Mogibacterium timidum (Nakazawa et al. 2000); Mogibacterium neglectum and 
Mogibacterium diversum were characterised (Nakazawa et al. 2002). In addition, 
Lactobacillus uli was reclassified as Olsenella uli\ and the species Olsenella profusa 
was described (Dewhirst et al. 2001). The present study found both these latter 
species, which were identified to 97% and 98% 16S rRNA sequence homology, 
respectively.
In the present study, the Slackia strains could not be separated by any 
identification method (16S rRNA, biochemical [or antibiotic profile]), where they all 
clustered together. The biochemical profiles identified all the strains as Eubacterium 
lentum (mostly with acceptable profiles) and therefore none achieved certain identity 
by the thresholds set. The species E. lentum has been transferred to the genus 
Eggerthella as E. lenta (Kageyama et al. 1999). Only one of the strains was 
identified with sequence similarity of > 98%, the rest varied between 91%-97%. It 
was only recently proposed that the bile-sensitive Eubacterium exiguum and 
Peptostreptococcus heliotrinreducens should be transferred to a new genus called 
Slackia (Wade et al. 1999). The proposal was made on the basis of phenotypic 
characteristics and full 16S rRNA gene sequence. The cells were described as 
cocci, coccobacilli or short rods. Slackia exigua has been detected by PCR using 
specific primers from cases of pulpitis (29%), root canal treatment (41%) and root 
canal retreatment (25%) (Hashimura et al. 2001) but another study failed to detect 
them by molecular means from root canal samples (Munson et al. 2002). In the 
present study, it was found difficult to amplify 16S rRNA genes using universal 
primers from Slackia strains; the reasons for this were unclear.
8.2.6 Veillonella and Dialister species
The genus, Veillonella is one of four genera (Acidaminococcus, Megasphaera, 
Syntrophococcus) containing anaerobic, gram-negative cocci and contains at least 7 
species (V. atypica, V. caviae, V. criceti, V. dispar, V. parvula, V. ratti, V. rodentium) 
(Bergey’s Manual 1994). It is recognised that Veillonella species cannot be reliably 
distinguished by conventional phenotypic tests (Kelley 1982). RFLP patterns 
generated (restriction enzymes; Mnl I, Sau 3AI) from 16S rDNA amplified by PCR 
have been used (primers 27f/1492r) to distinguish between Veillonella atypica, V. 
dispar and V. parvula (Sato et al. 1997). Few taxonomic studies were found on this 
genus, perhaps because the bacteria are not considered important (Brook 1996).
In the present study, 7/8 Veillonella strains were identified to genus but the 
biochemical test profiles were graded “low discrimination”. Four strains were 
identified to 98% 16S rRNA sequence similarity and the rest varied between 95%-
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97%. 16S-23S rRNA intergenic region profiling (data not presented) had suggested 
two types. One group contained the two strains that were not strict anaerobes; these 
need to be characterised further.
Dialister pneumosintes, a gram-negative, rod-shaped organism, which is closely 
related to Veillonella species, was transferred from Bacteroides pneumosintes to the 
new genus in 1994 (Moore & Moore 1994a). 16S rRNA gene sequencing placed it 
phylogenetically within the Sporomusa sub-branch of the Clostridium sub-phylum of 
the Gram-positive bacteria (Willems & Collins 1995). It has already been implicated 
as an important pathogen in human periodontitis (Contreras et al. 2000, Doan et al. 
2000, Ghayoumi et al. 2002) and has been identified in the majority of root canals 
where molecular detection was used (Rolph et al. 2001, Siqueira et al. 2002b, 
Munson et al. 2002). Dialister pneumosintes resembles some Eubacterium species 
in its morphology and lack of activity in biochemical tests. Eubacterium cells may 
decolourise easily and appear Gram-variable or Gram-negative (Downes et al.
2001).
In this study, the Dialister strains were misidentified by biochemical methods but 
the 16S rRNA gene sequence gave 99% sequence homology for 3 strains (D. 
pneumosintes [1] or Dialister sp. [2]) and 3 strains gave only 94% or 96% sequence 
homology (D. pneumosintes [2] or Dialister sp. [1], respectively). A novel species 
has recently been proposed, Dialister invisus (Downes et al. 2003), which may 
account for those that were not identified to species level.
8.2.7 Actinomyces species
The identification of oral Actinomyces species using conventional tests has been 
described (Kalfas & Edwardsson 1990) but many allude to Actinomyces-like 
organisms (Sabbe et al. 1999, Sarkonen et al. 2001) that may have important roles 
in infections. The group consists of gram-positive, facultatively anaerobic, non- 
sporing, non-acid fast, rod or branching morphotypes (but sometimes coccal forms 
may arise) (Bergey’s Manual 1994). At present 15 species are described of which 9 
arise in the mouth (Sarkonen et al. 2001).
Various approaches have been made to identify Actinomyces species using the 
16S rRNA gene sequence. Hall et al. (1999, 2001) proposed amplified 16S rDNA 
restriction analysis (ARDRA) and compared it to the outcomes of pyrolysis-mass 
spectrometry and conventional biochemical tests with some success. Another study 
demonstrated the value of 16S rRNA sequencing compared to the biochemical 
approach in the identification of a pelvic infection (Woo et al. 2002). A phylogenetic 
analysis of Actinomyces strains using 16S rRNA gene sequence showed 
considerable heterogeneity and the desirability of segregation into new genera
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(Ramos et ai. 1997). A number have explored the use of 16S rRNA-based probes 
with variable success (Kiyama et ai. 1996, Jauh-Hsun etal. 1999, Ximenez-Fyvie et 
ai 1999).
The approach has been extended to studying isolates from root canals, where a 
number of species were implicated (Borssen & Sundqvist 1981), but recent work 
has enabled the description of a new species (A radicidentis) from root canals using 
16S rRNA gene sequencing, biochemical testing, and SDS-PAGE of whole cell 
proteins (Collins et at. 2000a). This species occurs in coccal form and resembles 
staphylococci (Kalfas et a i 2001). Specific primers have also been used to detect 
the presence of A. israelii, which was found in only 5% of the samples (Siqueira et 
ai 2002b). The present study found 7 Actinomyces strains, all in the treated 
samples, none of which were unequivocally identified by both 16S rRNA gene 
sequence and biochemical tests. Four showed “low discrimination” values for 
biochemical tests and only four achieved 98% sequence homology, three of these 
were A. radicidentis (total 4) and one A. odontolyticus.
8.3 Implications of findings
8.3.1 Determination of species richness of intra-radicular flora
The original intention of the study was to explore the species richness amongst 
gram-positive coccoid morphotypes, using molecular and phenotypic approaches, to 
gain a better understanding of the problems inherent in using them for cultural and 
molecular community analyses.
Insights into true diversity or species richness are confounded by the methods of 
sampling and identification. The problem of sampling is complicated by the fact that 
the polymicrobial infection resides in a hard dentine shell with complex anatomy. 
Much of the infection is far removed from the apical site of interaction with the host 
tissues. Precise determination of aetiology is therefore not a matter of identifying a 
single causative organism but understanding the ecological nature and diversity of 
the entire infection in the tooth structure (Brogden & Guthmiller 2003).
Understanding of the ecological interrelationships between bacteria in the 
infection should be founded on the total diversity of the microflora in the tooth, 
including the cultivable and uncultivable components. Previous endodontic studies 
have largely concentrated on biochemical identification of cultivable bacteria 
recovered using the conventional paper point sampling technique. This method of 
sampling in situ was originally adopted because of concerns over contamination 
caused by sampling from extracted teeth (Engstrom & Frostell 1961). More recent
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studies have adopted contemporary 16S rRNA techniques for identification but the 
majority have continued to use paper point sampling. Some have used files instead 
of paper points for sampling (Siqueira et al. 2001a, c, Hancock et al. 2001). The 
majority of molecular studies on the endodontic flora have only used their samples 
for PCR amplification using specific primers to detect fastidious and difficult-to- 
culture bacteria. Only two studies (Rolph et al. 2001, Munson et al. 2002) have so 
far attempted to undertake a community analysis using both cultivation and 
molecular techniques; both studies extended the knowledge of diversity in root 
canals further.
Work carried out on sampling techniques, in the endodontal infection unit at the 
Eastman Dental Institute, may give further insights. An early cultivation study 
(Akpata 1976) showed that paper point sampling did not capture the full diversity of 
the intra-radicular flora. This approach was applied to study the relative impact of 
sampling and identification methods on bacterial diversity (Kumar et al. 2002). An 
intact tooth with a periapical lesion, scheduled for extraction was selected as the 
clinical sample and transferred to an anaerobic cabinet within 10 minutes of 
extraction; its surface was decontaminated using validated protocols. The tooth was 
accessed within the anaerobic chamber and a conventional paper point sample 
taken using Moller’s (1966) PMR technique. The remaining tooth was cryopulverised 
and provided the second sample. Each sample was serially diluted and plated on 
fastidious anaerobe agar and blood agar to obtain a primary culture and then pure 
isolates by subculturing. Bacterial DNA was extracted from each isolate and used to 
amplify the 16S rRNA gene, which was partially sequenced to identify the organism. 
A part of each original sample (paper point and cryo-pulverised tooth) was also 
subjected to bacterial DNA extraction, amplification of the 16S rRNA genes using 
27f/1492r primers, molecular cloning to singularise the PCR amplicons, RFLP to 
select clones for partial sequencing and bacterial identification. The study gave four 
groups of species or phylotypes under: (1) paper point culture; (2) tooth culture; (3) 
paper point clones; and (4) tooth clones. The study revealed a wide spectrum of 
species or phylotypes with minimal overlap between the four groups. A total of 44 
taxa were identified of which gram-positive bacteria comprised 66% and obligate 
anaerobes constituted 57%. It was concluded that both sampling and identification 
methods inflict a bias on the diversity of the microflora revealed. The view that the 
root canal flora is restricted by selection pressures is probably still true but the 
definition of restriction may need revision.
Bacterial distribution may be evaluated based on this principle by dividing the 
tooth into several components by section in transverse and longitudinal planes
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(Dougherty et al. 1998, Ng 1998, Adib et al. 2000). Another approach may be to 
take dentine samples by drilling into the canal with ever-increasing diameter of files 
(rotary nickel-titanium). A key problem is extraction of bacteria or bacterial DNA from 
the dentine tubular structure. This may be done using either dentine drilling or 
cryopulverisation. It appears that recovery of samples from treated teeth is best 
achieved from extracted, sectioned teeth rather than paper point sampling from root 
canals in vivo.
Given the unique biases of culture and molecular detection of bacteria, both 
approaches should be used to analyse any tooth to obtain a complete picture. The 
detection limits of culture and 16S rRNA gene amplification have been debated 
(Zambon & Haraszthy 1995, Riggio et al. 1996, Vaneechoutte & van Eldere 1997) 
but both measures leave taxa undetected. Munson et al. (2002) estimated the true 
diversity to be as high as 90 species per tooth. The chances of detecting and 
identifying all bacteria may be enhanced by taking steps to reduce biases where 
they are known. Pratten et al. (2003) used molecular and cultural techniques to 
characterise in vitro biofilms; each approach revealed a subset of the total flora with 
a proportion identified by both. It was suggested that variation in selection of primers 
and number of PCR cycles could enhance detection by molecular approaches and 
that use of selected media may enhance detection by culture techniques.
The possibility of culturing all bacteria in a sample is minimal and may be 
addressed by using rich media likely to cover all nutritional requirements (Wilson et 
al. 1997). Specific approaches may be required to tackle the problem of viable non- 
Cultivable bacteria (Xu et al. 1982, Allen-Austin et al. 1984, Roszak et al. 1984, 
Rollins & Colwell 1986, Hussong et al. 1987) including co-culturing with specific 
bacteria (Steinert et al. 1997). Resuscitation may be brought about by nutritional 
factors or molecular signals. Another approach may be to use the 16S rRNA gene 
sequence of unculturable bacteria to place them phylogenetically adjacent to their 
closest relatives to gain insights into their physiological properties to aid cultivation. 
Growth of the unculturable bacteria in enriched media may then be monitored by 
using 16S rDNA probes (Paster et al. 2001).
Primary cultures should be subcultured to purity with the utmost care. Good 
lighting and magnification should be used to check colony homogeneity and several 
subcultures and Gram stain checks with a good quality microscope at optimum 
magnification to determine absence of mixed organisms (Bergey’s Manual 1994, 
Atlas 1995). The isolates should be properly preserved by freezing under correct 
conditions.
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Factors that may bias molecular detection of bacteria were reviewed before 
(Akkermans et al. 1994, Embley & Stackebrandt 1994, Wintzingerode et al. 1997). 
In this study, DNA extraction was difficult for some isolates from both untreated and 
treated teeth and was species and strain dependent; this may be related to cell wall 
or extra-cellular factors. The literature reveals that DNA recovery may be biased by 
the prevailing physico-chemical environment at the time of sampling, biotic and 
abiotic factors and biological properties of the cells. It may be prudent to use more 
than one approach to DNA extraction to overcome bias. Factors such as growth 
phase, presence of extra-cellular polysaccharide, other cellular components and the 
type of organisms likely to be present should be taken into account (Johnson 1991, 
Gerhardt et al. 1994).
This study confirmed the high failure rate of PCR reactions (49% -  “untreated” 
isolates, 70% -  “treated” isolates), their dependence on primer selection, PCR 
conditions, DNA concentration (though this is unlikely to be a problem if amplified 
directly from a sample), the species and strain under investigation. Recovery of 16S 
rRNA gene sequence may be optimised in numerous ways including paying 
attention to DNA concentration (Kidd & Ruano 1995), using several primer pairs 
(Paster et al. 2001) and/or introducing appropriate degeneracy, combining a 
universal primer with a taxon-specific primer, using optimum concentrations of 
primers, selecting the optimal concentrations of magnesium chloride, DNA 
polymerase and deoxynucleotides, and repeating the PCR reactions under slightly 
different conditions (Innis & Gelfand 1990, Saiki 1992, Suzuki & Giovannoni 1996, 
Wintzingerode et al. 1997). Munson etal. (2002) used five replicates of amplification 
reactions. Addition of DMSO or formamide may reduce secondary structure of the 
target DNA (Innis & Gelfand 1990).
As this study was conducted on cultivated isolates, molecular cloning was only 
used where mixed colonies or amplicons were suspected so as to singularise the 
16S rRNA amplicons (Sambrook et al. 1989). Bias may be encountered in the 
cloning efficiencies for different organisms (Embley & Stackebrandt 1994, Rainey et 
al. 1994). Furthermore, there is potential for mosaic sequences being formed 
resulting in chimeric sequences (Borriello & Krauter 1990), which should therefore 
be screened to detect them (Kopczyski et al. 1994, Robison-Cox et al. 1995). This 
was not undertaken in this study as the potential for mixture was limited.
Different primers at the sequencing reaction stage may also help capture the 
maximum number of taxa as the primer 27f did not give sequences in all cases. The 
length and quality of the original sequence determines the potential for deciphering 
it. These were defined in this study by the number of nucleotides, the proportion that
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were unknown (“Ns”) and the number of multiple peaks in the electropherogram; the 
quality of submitted sequence was acceptable. In this study, the identities were 
determined mainly by partial sequences with a sequence homology of 98% for 
identification to species level. Where this criterion was not met but the sequence 
homology exceeded 92%, the identities were accepted at genus level and the 
species designation was taken as the closest match available at this level. In this 
study, the RDP sequence match of an S_ab value of 0.7 was initially taken as a 
threshold for full sequencing. Using the threshold of 98% sequence homology, all 
strains below this level should have their 16S rRNA gene fully sequenced. Those 
still below the threshold would be designated novel species and the full sequence 
deposited into GenBank. Automated sequencing has enabled full sequences to be 
obtained more easily but multiple sequences from each part of the 16S rRNA gene 
(with triple coverage of each nucleotide base) is required and is therefore more time- 
consuming. The multiple sequences are aligned to produce a single consensus 
sequence using any one of a number of different software options, each with their 
idiosyncratic properties. Sequence fidelity and integrity/redundancy of the public 
sequence databases used for final identification may further influence the outcome 
of identification (Liesack & Stackebrandt 1992, Stackebrandt et al. 1993, Ward- 
Rainey etal. 1995, Turenne etal. 2001).
Given current technology, detailed dissection of the bacterial community 
occupying a tooth is labour-intensive and would undoubtedly preclude an 
epidemiological analysis involving a large number of samples (Paster et al. 2001). 
Once the picture of the bacterial diversity and distribution has been sufficiently 
mapped, specific probes may be made to identify key species, which may be used 
in hybridisation studies (on extracted samples or in situ) to obtain epidemiological 
data (Amann & Ludwig 2000, Jung et al. 2000, Siqueira et al. 2000b). It has also 
been proposed that probes made against uncultured phylotypes may be used to 
gain insights into their prevalence and abundance until they are cultivated (Amann 
et al. 1994, Paster et al. 2001).
The 16S rDNA probes may also be used on formaldehyde-fixed samples to 
detect the relation between bacteria and host defences (Gersdorf et al. 1993). 
Indirect immunofluorescence techniques have been used to identify Actinomyces, 
Fusobacterium, Bacteroides, Prevotella and Porphyromonas species using species- 
specific antibodies (Pantera etal. 1988, Gohean etal. 1990, Assed etal. 1996). The 
method has been used to demonstrate Actinomyces species and Propionibacterium 
propionicus in periapical infections (Happonen etal. 1985). Nucleic acid probes may 
be used to hybridise with target DNA in extracted samples or in situ and detected by
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a label system (Jung et al. 2000, Siqueira et al. 2000b, Sunde et al. 2000, Gatti et al. 
2000). It should be possible to use in situ hybridisation techniques to probe specific 
bacteria and to locate them in the vicinity of the host tissues, but much work remains 
to be done in order to develop working protocols. Preliminary studies have met with 
only partial success (Lam etal. 2000, Tan etal. 2000).
Apart from species richness, the relative quantities of species or evenness may 
help in apportioning roles in the infection. The present study made no attempt to 
quantify individual species but future studies should. The problems of quantifying 
cultivable bacteria relate to differential growth of different species in the media 
selected (Zavistocki et al. 1980). The ability of 16S rRNA genes to quantify 
individual species has been proposed (Pace et al. 1986) but uncertainty about rrn 
gene copy number introduced some doubt (Farrelly et al. 1995, Wintzingerode et al. 
1997). The adoption of real-time PCR technology could allow quantification (Liu & 
Saint 2002). Ribosomal RNA-targeted nucleic acid probes used to hybridise with 
target DNA in retrieved or in situ samples may provide a quantitative measure of the 
bacterial species present. However, the approach would need to follow preliminary 
studies to establish the types of species likely to be present (Amann & Ludwig 
2000). Knowledge of strain variants and cell density may provide answers to causes 
of disease perpetuation, acute exacerbation and treatment resistance. This idea is 
compatible with the notion of the properties of bacterial communities being 
controlled by quorum-sensing mechanisms, dependent upon critical thresholds of 
bacterial cells in a unit of space (Cooper et al. 1995).
8.3.2 Differences between isolates from untreated and treated teeth 
Apart from a number of “unusual” species in the treated teeth, the majority of the 
isolates in both sets of teeth originated from the phyla, Firmicutes and 
Actinobacteria. Although the study design did not allow definitive comparison of 
strain variation between isolates originating from untreated or treated teeth, there 
were several indications of possible differences. Given that pure isolates were used, 
the direct effect of environmental contaminants was excluded (O’Donnell et al. 1994, 
Wintzingerode et al. 1997). This must imply that the isolates were either different 
strain variants uniquely adapted to their respective environments or possibly novel 
species. As both biochemical and 16S rRNA identifications were affected, the 
differences must be reflected in both the phenotype and the genotype.
Sequence acquisition proved more difficult in the treated group (70% versus 49% 
failed PCRs) and a much higher proportion of the treated group was given different 
identities by RDP versus BLAST (45% versus 26%). Nevertheless, 51% of the
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sequences from the treated group were identified with 98% homology compared 
with only 38% in the untreated group.
Both phylogenetic and dendrogram analyses suggested that strains from treated or 
untreated groups tended to cluster with those from teeth with similar treatment 
history. Overall, 38% of isolates were given “unacceptable” biochemical identity 
scores but a higher proportion was from treated teeth (46% versus 32%). The 
intergenic amplicon typing showed a trend towards “types” being restricted to 
isolates either from untreated or treated groups, few contained strains from both.
A further difference between the “treated” and “untreated” strains was revealed 
by the antibiotic susceptibility tests; a higher proportion of strains from the treated 
group (53%) were resistant compared to the untreated group (26%). It has been 
proposed that organisms in secluded areas of the root canal system may be 
exposed to sublethal doses of antimicrobial agents, contributing to the development 
of resistance (Slack 1953). This hypothesis was tested using strains from the 
present study (Enterococcus faecal is [651, 720], Staphylococcus epidermidis [P23a, 
P16a], Lactobacillus casei [380b, 794], Veillonella species [856, P44) (Mohammed 
Daud et al. 2002). The strains represented the key resistant species and pairs with 
“low” and “high” MICs were selected. Exposure to sublethal doses of antibiotics 
(penicillin, erythromycin, metronidazole) increased MIC values in a way that was 
species-, strain- and antibiotic- dependent and lasted after discontinuation of 
intermittent sublethal exposure. The MIC values of some species and strains to 
antiseptics (sodium hypochlorite, iodine, chlorhexidine) were also increased 
(dependent on species, strain, antiseptic) but they returned to normal after 
discontinuation of intermittent sublethal exposure. The high levels of resistance 
observed in this study, particularly for “treated” strains, may be explained by these 
findings. The explanation does not, however, stand for those from untreated teeth.
The main species implicated (Enterococcus faecalis, Lactobacillus species, 
Staphylococcus species, Actinomyces species) are also known to enter the root 
canal system (Engstrom et al. 1964) by leakage from the oral environment (Williams 
et al. 1950, Heithersay & Bjerken 1962, Moore & Moore 1994b, Dahlen & Moller 
1992). It is possible that strains acquire resistance in the oral environment through 
the food chain and subsequently gain access to the root canals. This mechanism 
may also be valid for the treated teeth which exhibited coronal leakage. It is further 
possible that antibiotic resistance may be transferred between species in the root 
canal environment, a possibility supported by the observation that a large proportion 
were from a few selected teeth. The transfer of penicillin resistance between
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Prevotella intermedia and Prevotella nigrescens has been demonstrated in vitro (Ng 
etal. 1996).
The different strands of “evidence” point towards potentially important 
differences between strains from treated and untreated teeth. The hypothesis should 
be tested definitively using specific groups of isolates, recovered in a like-manner 
and a comprehensive range of phenotypic and genotypic tests.
8.4 Suggestions for further work
An analysis of gram-negative isolates from untreated and root-treated canals, similar 
to the present study but optimised by its findings, should shed light on the relative 
problems of identification within this group of bacteria.
Having optimised the protocols, a comprehensive community analysis of the total 
intraradicular flora associated with periapical disease could begin, using molecular 
and culture techniques. A number of newer techniques (such as, MALDI-TOF, 
DGGE, real-time PCR) could be recruited to supplement investigation and help 
characterise the diversity of the flora.
Determination of the spatial distribution of the intraradicular flora using tooth- 
sectioning techniques may help to identify key species and strains in the dynamics 
of infection progression. This should also help establish the key participants in the 
apical infection likely to contribute to apical periodontitis.
The present study suggested that although the same bacterial groups were 
evident in root canals of teeth that were previously treated and those that were not, 
the strain variants in the two groups were different. A new set of samples recovered 
from extracted teeth (untreated and root-treated) associated with (persistent) 
periapical disease, in the manner described in this study should enable the 
hypothesis to be tested definitively. This should in turn, help to more accurately 
identify, those species/strains likely to be associated with treatment failure.
The precise role of such key species/strains in the pathogenesis, perpetuation, 
and acute exacerbation of periapical disease, as well as treatment resistance and 
failure, would be the longer-term strategic goals.
8.5 General conclusions
A number of conclusions were drawn that may help inform the design of future 
studies on the diversity of intra-radicular bacteria associated with periapical disease.
DNA extraction from a small proportion of gram-positive isolates was 
unpredictable and in a small number of cases extremely difficult, although in most, a
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good cell pellet predictably resulted in a good DNA yield using the Puregene® DNA 
extraction kit. Certain species/strains gave characteristic patterns on gel 
electrophoresis, indicating DNA shearing. Adoption of different protocols for direct 
DNA extraction from portions of the clinical sample may help overcome species-bias 
during DNA extraction.
DNA concentration, when extracted from cultivated isolates, affected the 
success of PCR amplification of the 16S rRNA gene, however, the pattern of effect 
was slightly different for “treated” and “untreated” isolates. Either a range of DNA 
concentrations should be used in PCR reactions or, alternatively, the optimum 
concentration should be determined for a given PCR protocol and the requisite 
amount added.
Although 27f/1492r primers were adequate for revealing the majority of bacteria, 
the PCR reaction often required repetition before a satisfactory product was 
obtained. Other primer combinations were successful where the 27f/1492r set failed. 
Use of multiple primer sets (357f/1492r, 357f/1392r) and replicate amplifications 
should increase the chances of successful PCR.
In all, 49% of the PCRs failed for the “untreated” isolates, whilst 70% failed for 
the “treated” isolates. Sequence acquisition was more difficult for the “treated” 
isolates.
Primer selection for sequencing reactions was equally important and while 27f 
sufficed in most cases, other primers (357f, 907f, 1392r) had to be used for some 
sequences. When undertaking full sequencing, some primers were less successful 
(27f, 926f, 1492r) and they may require unique optimisation.
Partial sequencing was sufficient to obtain 98% sequence match identity in 38% 
of “untreated” and half the “treated” isolates; for the majority of the remaining 
isolates, the sequence match varied between 93%-97%. Only one “untreated” 
isolate (91%) and two “treated” isolates (89%, 92%) had lower sequence 
homologies. Full sequencing was performed for 10 isolates (8 from treated teeth; 2 
from untreated teeth).
The sequence search method had a profound influence on the final identity. In 
this study, the BLAST search method proved superior to the RDP search method. 
The identities were different from the two search methods for 26% of “untreated” 
isolates and for 45% of the “treated” isolates.
Biochemical identities were considered unacceptable according to the profiles 
submitted in 38% of isolates (from both untreated and treated teeth). There was a 
higher prevalence of such scores for some bacterial groups. Bacteria from root-
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treated teeth were more difficult to identify with certainty than those from untreated 
teeth (46% versus 32%).
There was a match between 16S rRNA gene sequence and biochemical 
identification to species level in 45%, and to genus level in 72%, but there was no 
match in 28%. Commercial enzyme tests should not be used for bacterial 
identification without confirmatory tests.
Phylogenetic tree reconstruction was a useful way of comparing the relatedness 
of new isolates with known species in the databases. Available mathematical 
techniques do not allow comparison of different data types. Newer mathematical 
models need to be developed to facilitate such comparison for true polyphasic 
analysis. Like-isolates from untreated or root-treated teeth tended to cluster with 
strains from teeth with similar treatment history (untreated or root-treated).
The amplicon pattern derived from 16S-23S rRNA intergenic PCR was helpful in 
confirming genus identity but not uniformly helpful in confirming species identity. The 
amplicon patterns did, however, show potential in helping to characterise strain 
variation. Typing of streptococci, staphylococci and enterococci showed that some 
“type groups” consisted entirely or mostly of strains either from root-treated or 
untreated teeth.
MIC values (and antibiotic susceptibility to penicillin, metronidazole, clindamycin, 
cefaclor, vancomycin, amoxicillin, tetracycline) may be determined conveniently 
using the E-test (90% within 2 dilutions of agar dilution method), which is particularly 
suitable for fastidious, anaerobic bacteria.
Frequency distribution plots of MIC values for each antibiotic and bacterial group 
suggested that the interpretive breakpoint values used (NCCLS 2003) were reliable 
for the isolates tested.
MIC values gave possible insight into strain variation within species and within 
each tooth sample. Resistance to antibiotics may help to confirm or question 
identities based on 16S rRNA or biochemical approaches.
There was a high prevalence of resistance amongst isolates from untreated and 
root-treated teeth collectively (38%), and the majority (86%) had multiple drug 
resistance. The prevalence of resistance was higher amongst isolates from root- 
treated (53%) compared to those from untreated (26%) teeth. The main bacterial 
groups demonstrating resistance were lactobacilli, staphylococci and enterococci. 
The majority of resistant strains came from a small proportion of samples, 
suggesting the possibility of gene transfer within root canals.
The data collectively point towards a variety of possible differences between 
isolates from untreated and root-treated teeth.
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Chapter 10 
Appendices
10.1 Reduced Transport Fluid (RTF) 
Stock 1
Dibasic potassium phosphate (Sigma) 
Distilled water
MgS04 stock solution
MgS04 (BDH)
Distilled water
Stock Solution 2
Potassium chloride (BDH)
Ammonium sulphate (Sigma)
Monobasic potassium phosphate (Sigma) 
MgS04 Stock (BDH)
Distilled water
Sodium carbonate Solution
Sodium carbonate (BDH)
Distilled water
Preparation for 100 ml
Stock 1 
Stock 2
Sodium carbonate 
Distilled water
7.5 ml
7.5 ml 
0.5 ml 
80 ml
0.6 g 
100 ml
2.5 g 
100 ml
1-2 g 
1-2 g
0.6 g 
1 ml 
99 ml
0.8 g 
10 ml
Autoclave, then once cooled, add filter sterilised solution of DDT (Sigma) (0.02 g in 
5 ml distilled water).
10.2 Brain heart infusion with glycerol
37 g Brain heart infusion powder in 800 ml of distilled water
100 ml (10 % v/v) Glycerol
Make up to 1000 ml with distilled water.
Autoclave at 121°C for 15 minutes.
10.3 Pureqene© kit Gentra Systems 
Cell suspension solution 
Lytic enzyme
Protein precipitation solution 
DNA hydration solution
The composition of these solutions was not given. The principle of the approach is 
that the cells are lysed with an anionic detergent in the presence of a DNA stabiliser.
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The DNA stabiliser works by limiting the activity of DNAses that are contained in the 
cell and elsewhere in the environment. Contaminating RNA is then removed with an 
RNA digesting enzyme. Other contaminants such as proteins are removed by salt 
precipitation. Finally, the genomic DNA is recovered by precipitation with alcohol 
and dissolved in a buffered solution containing a DNA stabiliser.
Protocol:
The Puregene® protocol consisted of cell lysis, RNase treatment, protein 
precipitation, DNA precipitation and hydration, as follows:
1. The thawed sample was centrifuged (20,800 ref, 1 minute, room 
temperature) (Jouan, Saint-Herblain, France) to pellet the cells. As much of 
the supernatant as possible was removed using a pipette. The size of the 
cell pellet was recorded on a scale of small, moderate or good.
2. 600 pi of the cell suspension solution was added and the cells resuspended 
by gentle pipetting.
3. 3 pi of lytic enzyme was added and the tube inverted 25 times to mix. The 
solution was incubated at 37°C for 30 minutes to digest cell walls.
4. The solution was centrifuged (20,800 ref, 1 minute, room temperature) to 
pellet the cells and the supernatant was removed by pipetting.
5. 600 pi of the Cell lysis solution was added and the cells resuspended by 
gentle pipetting. The sample was then heated to 80°C for 5 minutes on a 
heat block (Dry Bath Model 110001, Boekel Industries Inc., Fisher Scientific, 
Loughborough, UK).
6. 3 pi of RNase A solution (Puregene®) was added to the cell lysate and the 
sample mixed by repeated inversion, 25 times, after which it was incubated 
at 37°C for 45 minutes.
7. The sample was cooled to room temperature and 200 pi of protein 
precipitation solution was added to the cell lysate. This was vortexed 
vigorously for 20 seconds to mix the lysate with the solution.
8. The resultant solution was centrifuged (20,800 ref, 3 minutes, room 
temperature). The precipitated proteins formed a tight white pellet. If the 
pellet was not tight, the solution was placed on ice for 5 minutes and 
recentrifuged.
9. The supernatant containing the DNA was poured into a clean, sterile 1.5 ml 
microfuge tube containing 600 pi of ice-cold isopropanol (2-propanol). The 
sample was mixed by inversion, 50 times.
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10. The solution was centrifuged (20,800 ref, 1 minute, room temperature) and 
the supernatant poured off and 600 pi of 70% ethanol added to wash the 
DNA pellet. The tube was inverted several times to mix.
11. The solution was centrifuged again (20,800 ref, 1 minute, room temperature) 
and the ethanol poured off. Excess was removed carefully with a pipette. 
The presence and size of the DNA pellet was recorded on a scale of, not 
visible, small, moderate or good.
12. The tube was inverted on absorbent paper and allowed to dry for 15 minutes 
after which the DNA was rehydrated in 20 pi of DNA hydration solution. 
Rehydration was allowed to occur at room temperature overnight. The DNA 
was then stored at -20°C.
10.4 TAE buffer
Tris acetate EDTA electrophoresis buffer 50 * stock solution; pH 8.5; 1 M
A x 1 working solution is prepared for preparation of agarose gels.
10.5 QIAqen© gel extraction kit 
QG buffer 
PE buffer
The composition of the solutions is not given but the principle of the method is to 
combine the benefits of spin-column technology with a silica-gel membrane. The 
buffers provided are supposedly optimised for efficient recovery of DNA and removal 
of contaminants in each specific application. DNA adsorbs to the silica-membrane in 
the presence of high salt (also pH dependent) while contaminants pass through the 
column. The pure DNA is eluted with Tris buffer or water.
Protocol
The protocol was as follows:
1. Three volumes of the QG buffer were added to one volume of the gel and 
the tube incubated on a heat block at 50°C for 10 minutes with intermittent 
vortexing. A consistent yellow colour was used to check that the pH 
remained at or below 7.5.
2. One gel volume of isopropanol was added to the samples.
Tris base 242 g
57.1 ml
37.2 g 
1.0 L
Glacial acetic acid 
Na2 EDTA.2H20 
Distilled water to make
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3. The solutions were applied to QIAquick spin columns in 2 ml tubes, 
centrifuged (20,800 ref, 1 minute, room temperature) and the flow-throughs 
discarded.
4. The spin columns were replaced in the tubes and the column-bound sample 
rewashed with 0.5 ml of Buffer QG in a repeat of the previous step.
5. The samples were then washed with 0.75 ml of Buffer PE by allowing the 
column to stand for 5 minutes before centrifuging as before. The flow­
through was discarded and the centrifugation repeated to eliminate all trace 
of ethanol.
6. EB buffer (26 pi -  10 mM Tris-CI, pH 8.5) was used to elute the DNA by 
centrifuging (20,800 ref, 1 minute, room temperature).
7. The DNA was run on a 1% agarose gel and single distinct bands confirmed.
10.6 SOC medium
For 100 ml
2.0 g T ryptone
0.5 g Yeast extract
1 ml 1 M NaCI
0.25 ml 1 M KCI
1 ml 2 M Mg2+ Stock, filter-sterilised as below
1 ml 2 M Glucose, filter-sterilised
Add Tryptone, yeast extract, NaCI, KCI to 97 ml of distilled water. Stir to dissolve. 
Autoclave and cool to room temperature. Add 2 M Mg2+ stock and 2 M glucose, each 
to a final concentration of 20 mM. Bring to 100 ml with sterile, distilled water. Filter 
the complete medium through a 0.2 pm filter unit. The final pH should be 7.0.
2 M Mg— stock 
20.33 g MgCI2.6H20
24.65 g MgS04.7H20
Add distilled water to 100 ml. Filter-sterilise.
10.7 LB medium (Luria-Bertani agar)
Tryptone (Oxoid, Basingstoke, Hampshire, UK) 10 g
Yeast extract (Oxoid) 5 g
Sodium chloride (BDH) 5 g
Agar No. 2 (Oxoid) 18 g
Distilled water 1L
Autoclave.
Cool below 60°C. 
Add ampicillin -  
(50 pg ml"1).
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10.8 X-Gai (2 ml)
100 mg 5-bromo-4-chloro-3-indolyl-(3-D-galactoside
Dissolve in 2 ml N.N-dimethyl-formamide.
Cover with aluminium foil and store at -20°C.
10.9 IPTG stock solution (0.1 M)
1.2 g IPTG
Add water to 50 ml final volume. Filter-sterilise and store at 4°C.
10.10 Solution I (per 500 ml)
50 mM Glucose (dextrose) 4.5 g
25 mM Tris-HCL pH 8.0 1.5 g Tris-base
10 mM EDTA 1.86 g Na2EDTA
Add concentrated HCL to pH 8.0. Store at 4°C.
10.11 Solution II (per 500 ml)
0.2 M NaOH 4 g
1% SDS 25 ml 20% SDS
dH20 475 ml
Store at RT.
10.12 Solution III fp erlU
5 M KOAc ph 5.6 294.5 g potassium acetate
(3 M KOAc + 2M HOAc) 114.5 ml glacial acetic acid
dH20 to 1 L. Store at 4°C.
10.13 TE buffer
10 mM Tris-CI, pH 8.0 
1 mM EDTA
10.14 QIAaen plasmid mini protocol
Buffer P1 (resuspension buffer) 50 mM Tris-CI, pH 8.0
10 mM EDTA 
100 pg ml-1 RNase 
Buffer P2 (lysis buffer) 200 mM NaOH, 1% SDS (w/v)
Buffer P3 (neutralisation buffer) 3.0 M potassium acetate, pH 5.5
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The composition of Buffer N3, Buffer PB, Buffer PE was not given.
Protocol
1. Single colonies were picked and inoculated into LB medium (5 ml) containing 
100 pg ml-1 ampicillin.
2. These were incubated overnight in a shaker-incubator (Stuart Scientific 
S150) at 37°C.
3. The culture (1.4 ml) was decanted into 1.5 ml microfuge tubes and the cells 
pelleted by centrifugation (20,800 ref, 20 seconds, room temperature).
4. The pellet was resuspended in 250 pi of Buffer P1 using a pipette.
5. 250 pi of Buffer P2 was added and the solutions mixed by gentle inversion 
4-6 times.
6. 350 pi of Buffer N3 was added and the solutions mixed by gentle inversion 
4-6 times.
7. The solutions were centrifuged for 10 minutes
8. The supernatant was then applied to QIAprep columns in 2 ml tubes by 
pipetting. These were centrifuged for 1 minute and the flow-through 
discarded.
9. 0.5 ml of Buffer PB was added to wash the plasmid and centrifuged for I 
minute to discard flow-through.
10.0.75 ml of Buffer PE was added to wash the plasmid and centrifuged to 
discard the flow-through. An additional centrifugation cycle was performed 
for 1 minute to remove all trace of buffer.
11. The columns were placed in clean 1.5 ml microfuge tubes and the plasmid 
eluted with 30 pi of EB Buffer. These were allowed to stand for 1 minute and 
centrifuged for 1 minute.
12. The products were electrophoresed on 1% agarose gel to confirm successful 
plasmid extraction.
10.15 QIAaen® -  Purification of PCR products
Buffers as above were used. The QIAquick PCR purification protocol using a
microcentrifuge was adopted:
1. Five volumes of Buffer PB were added to one volume of the PCR product 
(the exact volume of PCR product available was determined first) and mixed.
2. This was applied to QIAquick spin columns in 2 ml collection tubes and spun 
in a centrifuge for 1 minute. The flow-through was discarded.
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3. The products were washed by adding 0.75 ml of Buffer PE to the spin 
column and centrifuging for 1 minute. The flow-through was discarded and 
the column spun for an additional minute to discard all traces of Buffer PE.
4. The spin columns were then placed in clean 1.5 ml microfuge tubes and the 
DNA eluted with 20 or 32 pi of EB Buffer depending upon amount of PCR 
product available.
5. The DNA was then quantified using a spectrophotometer (Ultraspec 2000) at 
260nm, using H20  as the reference.
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10.16 Stipulated conditions for each of the Api test strips
Test kit Incubation 
time for 
growth of 
cells (h)
Turbidity of 
suspension 
(McFarland 
standard)
Volume of 
inoculum 
(Ml)
Incubation 
time for 
developing 
tests (h)
Addition
of
reagents
required*
Api rapid ID 32 
STREP
24 4 55 4 Yes
Api rapid 32A 48 4 55 4 Yes
Api ID 32 STAPH 24 0.5 55 24 Yes
Api Lactobacillus 
50CHL
24 2 Fill tubes 24 & 48 No
Api Coryne 24 6 100-500 24 Yes
Api ZYM Not given 5-6 65 4 Yes
* See Appendix 10.17 for details.
10.17 Addition of reagents to develop test results as recommended bv 
manufacturer
Test kit Mineral
oil
overlay
VP
(A&B)
test
FB
reagent
test
NIN
reagent
test
NIT
(1&2)
test
Indole
test
(James
reagent)
PYZ
test
ZYM
(A&B)
test
Api rapid ID 32 
STREP
- 0.0 0.1-0.5 0.6 - . *  , - -
Api rapid 32A 1.0 - 0.2-0.E - 0.0 0.1 - -
Api ID 32 STAPH 1.0-1.2 0.1 0.2-0.5 - 0.0 - - -
Api Lactobacillus 
50CHL
All - - - - - - -
Api Coryne 10, 12 - 
20
- - - 1.0 - 2.0 3 .0 -
8.0
Api ZYM - - - - - - All
Nos indicate tests as designated on test kit.
KEY:
VP test VP A Potassium hydroxide
VP B a-naphthol 2-methoxyethanol
FB test Fast blue BB, sodium lauryl sulphate, organic solvent
NIN test Ninhydrin 2-methoxyethanol
NIT test NIT 1 Sulfanilic acid, acetic acid, H20
NIT 2 N-N-dimethyl-1-naphthylamine, acetic acid, H20
Indole test James reagent Compound J2183 (confidential), HCL 1N.
PYZ test Ferric chloride, preservative, 2-methoxyethanol
ZYM test ZYM A Tris hydroxymethyl-aminomethane, HCI, sodium lauryl
sulphate, H20
ZYM B Fast blue BB, methoxyethanol
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10.18-10.21 Enzyme and phenotypic test results for Chapter 5
The individual test results for isolates identified by rapid ID 32 STREP kit (Appendix 10.18), api CHL Lactobacillus kit (Appendix 10.19), ID.32 
STAPH kit (Appendix 10.20), rapid ID 32 A kit (Appendix 10.21) are given below. The results are presented in binary format. The tables also 
provide calculated “mean values” (character traits) for "same species” which allows comparison with values for the "control or standard” species 
quoted by the kit database. The binary code gives positive (1) or negative (0) results and facilitates visualisation of differences amongst strains, 
as well as between each strain and the collective mean, as well as with the database "control” species’ profiles. The percentage values for 
"mean” and "control” profiles were converted to positive (1) or negative (0) values using BioMerieux’s approach: £ 50% = 1, and < 50% = 0. 
Scores divergent from those of the database “standards” are given in green and the validity scores presented for comparison. The raw data on 
the basic phenotypic tests involving growth in different atmospheres, Gram stains, catalase and oxidase tests are summarised as binary codes 
(italicised and appended to the tail end of the string of binary codes representing the enzyme test results).
10.18 Test results from rapid ID 32 STREP kit
Key to tests given in consecutive order as listed in binary data block, left to right
1 ADH Arginine dihydrolase 21 pNAG N-acetyl p-glucosaminidase
2 (3GLU P-glucosidase 22 GTA Glycyl-trytophane arylamidase
3 pGAR P-galactosidase 23 HIP Hydrolysis of hipurate
4 pGUR P-glucuronidase 24 GLYG Glycogen
5 aGAL a-galactosidase 25 PUL Pullulan
6 PAL Alkaline phosphatase 26 MAL Maltose
7 RIB Ribose 27 MEL Melibiose
8 MAN Manitol 28 MLZ Melezitose
9 SOR Sorbitol 29 MBDGb Methyl BD Glucopyranoside
10 LAC Lactose 30 TAG Tagatose
11 TRE Trehalose 31 pMAN p-manosidase
12 RAF Rafinose 32 URE Urease
13 SAC Saccharose
14 LARA L-arabinose
15 DARL D-arabitol
16 CDEX Cyclodextrin
17 VP Acetoin production
18 APPA Alanine-phenylalanine-proline arylamidase
19 PGAL P-galactosidase
20 PyrA Pyroglutamic acid arylamidase
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Mean values for species test results were derived by calculating the percentage of results from the strain values that were positive and then scoring “1” for 
values of 50% or greater and “0” for percentage values below 50%.
STD or standard values were similarly derived from profiles of results given for known strains and used as standards or controls by the kit database. Their 
values are given in percentage of the tests likely to be positive. These were converted to “1” or “0”. Green font = tests divergent from standard(s); 
blue = untreated; red = treated.
The last 8 test scores given in italics, represent additional biochemical tests (growth under 0 2, C02) An02 conditions, Gram stain, catalase, oxidase and 
aesculin tests in that order -  1 = positive result, 0 = negative result and ? = uncertain result) and were used as additional data for the second dendrogram (b). 
Validity score key in Table 5.3.
Strain Identification Test results in consecutive order (see key above) Validity
P10 S. anginosus 1100110001101100000011001001000011171010 E
P25 S. anginosus 1100110001101100000011001001100007110011 E
P35 S. anginosus 1110010001101100000001001000000001111000 G
P37bs S. anginosus 1100110001101100000011001001100001170011 E
P37bl S. anginosus 1100110001101100000011001001100001111011 E
P38a S. anginosus 1100110001101100000011001001100001110011 E
P38bs S. anginosus 11001100011011000000110010011000011710?? E
P38bl S. anginosus 1100110001101100000011001001100001110111 E
P39 S. anginosus 1100110001101100000011001001100001110011 E
P40 S. anginosus 1100110001101100000011001001100001111011 E
345c S .anginosus 1100010001101100000011001001100011110011 E
354 S. anginosus 1100010001101100000011001001000011100011 VG
356 S. anginosus 1100010001101100000011001001000011111011 VG
357 S. anginosus 1100010001101100000011001001100011110011 E
358 S. anginosus 1100010001101100000011001001100011110011 E
360 S. anginosus 1100010000101100000011001001000011110011 VG
361 S. anginosus 1100010000101100000011001001000011110011 E
363 S. anginosus 1100010001101100000011001001100011111011 E
374 S. anginosus 1100010000101100000011001001010011110011 E
383 S. anginosus 11000100011011000000010010010000? ??11011 E
393 S. anginosus 1100010001101110000011001001100011171011 VG
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Strain Identification Test results in consecutive order (see key above)
395 S. anginosus 1100010001101110000011001001100071110011
414 S. anginosus 1100010001101110000011001001100001111011
1287as S. anginosus 1100010001101100000011001001100071110011
1287ar S. anginosus 1100010001101100000011001001 m o ? ? i 10011
1287b S. anginosus 1100010001101100000011001001100071110011
412 S. anginosus 11000100011011000000110010011000 ?1117111
689 S. anginosus 1000010001101000001000001000030111111010
P34 S. anginosus 1110010001101100000011001000000001171000
157 S. anginosus 11000130011011000000010010010000111700??
Mean S. anginosus 1 1 0 0 0 1 0 0 0 1 1 0 1 1 0 0 0 0 0 0 1 1 0 0 1 0 0 1 1 0 0 0
STD S. anginosus 1 1 0 0 0 1 0 0 0 1 1 0 1 1 0 0 0 0 0 0 1 1 0 0 1 0 0 1 0 0 0 0
P21 S. intermedius 1110010001101110100011001000000001111000
P26 S. intermedius 11100100011011101000110010000000011?0000
P28 S. intermedius 11100100011011101000110010000000017?1000
378 S. intermedius 1110010001101110100011001000000011171011
P30 S. intermedius 1110010001101110100011001000000001110000
Mean S. intermedius 1 1 1 0 0 1 0 0 0 1 1 0 1 1 1 0 1 0 0 0 1 1 0 0 1 0 0 0 0 0 0 0
STD S. intermedius 1 1 1 0 0 1 0 0 0 1 1 0 1 1 1 0 1 1 0 0 1 1 0 0 1 0 0 0 0 0 0 0
345a S. mutans 0100100111111000000001 i o i o o i i o o o m ? i ( m
1125c S. mutans 0000100101111100000001101^000100011117170
1284S S. mutans 01001001111110000000011010011000 77170011
1291a S. mutans 1100111111111101110011111001101011110011
Mean S. mutans 0 1 0 0 1 0 0 1 1 1 1 1 1 1 0 0 0 0 0 0 0 1 1 0 1 0 0 1 1 0 0 0
STD S. mutans 0 1 0 0 1 0 0 1 1 1 1 1 1 1 0 0 0 0 0 0 0 1 1 0 1 0 0 1 1 0 0 0
P8I S. sanguinis 0000000000100100010011001001000011110070
699a S. sanguinis 0000000011000100010001001000100011110000
699b S. sanguinis 0000000011000100010001001000100011110000
Mean S. sanguinis 0 0 0 0 0 0 0 0 1 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 1 0 0 0 1 0 0 0
STD 1 S. sanguinis 1 0 0 0 1 0 0 0 1 1 1 0 0 1 0 0 0 1 0 0 1 1 0 0 1 0 0 0 0 0 0 0
STD 2 S. sanguinis 1 1 0 0 1 0 0 0 0 1 1 1 0 1 0 0 0 1 0 0 1 1 0 0 1 0 0 0 0 0 0 0
Validity
VG
VG
E
E
E
E
U
E
VG
E
E
E
E
E
E
VG
E
U
A
D
D
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Strain Identification Test results in consecutive order (see key above)
692 S. oralis 011011000111010001001110100110001111?1?0
1141 S. oralis 0010010001100100010010001000001 Of 1110100
Mean S. oralis 01101100011101000100111010011010
STD S. oralis 00101100010101000100111010000000
125 S. constellatus 10000100011011000000010010010000111110??
STD S. constellatus 10000100001011000000010010010000
783 S.mitis 010010010111100000000110100110001?11?011
STD 1 S. mitis 00100000010001000000110010000000
STD 2 S. mitis 00000000010101000000010010000000
172b G. morbillorum 10000000000000000000000000000000007 11000
C82s G. morbillorum 100000000000010000000000000000010?111010
Mean G. morbillorum 10000000000001000000000000000001
STD G. morbillorum 00000000000001000000010010000000
387 E.faecalis 110010110111101100100110110101107111?111
649 E.faecalis 1100001111101001010001011001101077777777
E. faecalis 1100001111101001010001011001101077770070
654 E.faecalis 1100001111101001010001011001101077777077
E. faecalis 1100001111101001010001011001101077777077
714 E. faecalis 1100001111101001110001011001101077770077
716 E. faecalis 1100001111101001110001011001101077777077
720 E. faecalis 110000111110100101000101100110107 7777077
C81 E. faecalis 1100011111101001111001001001111077770077
C83 E. faecalis 1100011111101001111001001001111077777077
C83L E. faecalis 1100011111101001111001001001111077770077
C85M E. faecalis 1100011111101001111001001001111077777077
C8BM E. faecalis 1100011111101001111001001001111077777077
1284L E. faecalis 1100001111111001110001111001101077770077
Mean E. faeca//s 11000011111010011100010110011010
STD E. faecalis 11000011111010011100010110011110
Validity
G
G
VG
E
D
D
D
E
E
E
E
E
E
E
VG
D
VG
VG
VG
E
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Strain Identification Test results in consecutive order (see key above) Validity
388 E. faecium 110010110111101100100110110101W 11110111 G
392 E. faecium 110010110111101110100110110101W 11117011 U
Mean E. faecium 1 1 0 0 1 0 1 1 0 1 1 1 1 0 1 1 1 0 1 0 0 1 1 0 1 1 0 1 0 1 1 0
STD 1 E. faecium 1 1 0 0 1 0 1 1 0 1 1 0 1 0 1 1 1 0 0 0 0 1 0 0 1 1 0 1 0 0 1 0
STD 2 E. faecium 1 1 0 0 1 0 1 1 0 1 1 1 1 0 1 1 0 0 0 0 0 1 1 0 1 1 0 0 0 0 1 0
10.19 Test results from api CHL Lactobacillus kit
Mean values for species test results were derived by calculating the percentage of results from the strain values that were positive and then scoring “1” for 
values of 50% or greater and “0” for percentage values below 50%. STD or standard values were similarly derived from profiles of results given for known 
strains and used as standards by the kit database. Their values are given in percentage of the tests likely to be positive. These were converted to “1” or “0”. 
Green font = tests divergent from standard(s); blue = untreated; red = treated; validity score key in Table 5.3. The last 8 test scores given in italics, represent 
additional biochemical tests (growth under 0 2, C 02, An02 conditions, Gram stain, catalase, oxidase and aesculin tests in that order -  1 = positive result, 0 = 
negative result and ? = uncertain result) and were used as additional data for the second dendrogram (b). Validity score key in Table 5.3.
KEY to tests given in consecutive order as listed in binary data block from left to right. 
(1 = positive; 0 = negative)
0 Control 15 Rhamnose 30 Melibiose 45 D-arabitol
1 Glycerol 16 Dulcitol 31 Sucrose 46 L-arabitol
2 Erythritol 17 Inositol 32 Trehalose 47 Gluconate
3 D-arabinose 18 Manitol 33 Inulin 48 2.-keto-gluconate
4 L-arabinose 19 Sorbitol 34 Melezitose 49 5-keto-gluconate
5 Ribose 20 a-methyl-D-mannoside 35 Rafinose
6 D-xylose 21 a-methyl-D-glucoside 36 Starch
7 L-xylose 22 N-acetyl-glucoseamine 37 Glycogen
8 Adonitol 23 Amygdalin 38 Xylitol
9 (3-methyl-D-xyloside 24 Arbutin 39 Gentiobiose
10 Galactose 25 Esculin 40 D-turanose
11 Glucose 26 Salicin 41 D-lyxose
12 Fructose 27 Cellobiose 42 D-tagatose
13 Manose 28 Maltose 43 D-fucose
14 Sorbose 29 Lactose 44 L-fucose
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10.19 continued
Strain Identification Test results in consecutive order (see key above) Validity
380 L. casei 00000100101111001011011111 1111111110001101000010011110011 u
380b L. casei 00000100101111001011011111 11101111000011010000100111??011 G
797 L. casei 00000100001111100111001110 110011110000111100001007 7 7 700'/7 VG
1012 L. casei 01010100001111101011011111 1110110100001001010110011170010 A
Mean L. casei 0 0 0 0 0 1 0 0 1 0 1 1 1 1 1 0 1 0 1 1 0 1 1 1 1 1 1 1 1 0 1 1 1 1 0 0 0 0 1 1 0 1 0 0 0 0 1 0 0
STD 1 L. casei 0 0 0 0 0 1 0 0 0 0 1 1 1 1 1 0 0 0 1 1 0 0 1 1 1 1 1 1 1 0 1 1 0 1 0 0 0 0 1 1 0 1 0 0 0 0 1 0 0
STD 2 L. casei 0 0 0 0 0 1 0 0 0 0 1 1 1 1 1 0 1 0 1 1 0 1 1 1 1 1 1 1 0 0 1 1 1 1 0 0 0 0 1 1 0 1 0 0 0 0 1 0 0
STD 3 L. casei 0 0 0 0 0 1 0 0 0 0 1 1 1 1 0 0 0 0 1 0 0 0 1 1 1 1 1 1 1 0 1 1 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0
380a L. rhamnosus 01000100101111111011011111 111111111000110101001007?770077 u
621 L. rhamnosus 00000100001111111111111111 1111111110001101000010011110011 D
640 L. rhamnosus 00000100001111110111011111 1110110100001111000010011170011 E
821 L. rhamnosus 01010100001111100011001111 1111111111000111000010011111011 u
822b L. rhamnosus 01000100001111100111011111 1110110100001111000010011110011 D
794a L. rhamnosus 01000100001111010111001111 11111101100010010000100 777 ???11 G
Mean L. rhamnosus 0 1 0 0 0 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 0 0 0 0 1 0 0
STD L. rhamnosus 0 0 0 0 0 1 0 0 0 0 1 1 1 1 1 1 0 0 1 1 0 1 1 1 1 1 1 1 1 0 1 1 0 1 0 0 0 0 1 1 0 1 0 0 0 0 1 0 0
779 L. acidophilus 00000000001111000000001111 111011000100100100000001111001? G
780 L. acidophilus 00000000001111000000011111 110110001001001000000001111711? G
795 L. acidophilus 00000000001111000000001111 1110110001001001000000011110011 G
796 L. acidophilus 00000000001111000000001111 1111110011000100000000011110011 A
Mean L. acidophilus 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 0 0 1 1 0 0 1 0 0 1 0 0 0 0 0 0 0
STD 1 L. acidophilus 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
STD 2 L. acidophilus 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 1 0 0 1 0 1 1 1 0 1 0 0 0 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0
STD 3 L. acidophilus 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 1 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Strain Identification Test results in consecutive order (see key above) Validity
791 L. brevis 0000111001111000000001110110111100010001100001010011170100 G
792 L. brevis 0100111001111100000101110100111110010001100001010101170000 u
855 L. brevis 0100111001111100000001111111111110011001101001010011110011 u
Mean L. brevis 0 1 0 0 1 1 1 0 0 1 1 1 1 1 0 0 0 0 0 0 0 1 1 1 0 1 1 0 1 1 1 1 1 0 0 1 0 0 0 1 1 0 0 0 0 1 0 1 0 0
STD 1 L. brevis 0 0 0 0 1 1 1 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0
STD 2 L. brevis 0 0 0 0 1 1 1 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 1 1 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 1 0 0
STD 3 L. brevis 0 0 0 0 1 1 1 0 0 0 1 1 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1
1134 L. cellobiosus 0000110000111100000000000100111110010000000000010111110710 VG
STD L. cellobiosus 0 0 0 0 1 1 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0 1 0 1 1 1 1 1 1 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 1
793 L. fermentum 0100010010111100000000100100111100010000000000000001111100 u
STD L. fermentum 0 0 0 0 0 1 1 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0
10.20 Test results from ID 32 STAPH kit
KEY to tests given in consecutive order as listed in binary data block from left to right.
1 URE Urease 17 PAL Alkaline phosphatase
2 ADH Arginine dihydrolase 18 PyrA Pyrrolidonyl arylamidase
3 ODC Ornithine decarboxylase 19 NOVO Novobiocin
4 ESC Esculin 20 SAC Sucrose
5 GLU Glucose 21 NAG N-acety l-g I ucosa mine
6 FRU Fructose 22 TUR Turanose
7 MNE Manose 23 ARA Arabinose
8 MAL Maltose 24 pGUR p-glucuronidase
9 LAC Lactose 25 RIB Ribose
10 TRE Trehalose 26 CEL Cellobiose
11 MAN Manitol
12 RAF Rafinose
13 NIT Nitrate
14 VP Acetoin production
15 pGAL P-galactosidase
16 ArgA Arginine arylamidase
343
Mean values for species test results were derived by calculating the percentage of results from the strain values that were positive and then scoring “1” for 
values of 50% or greater and “0” for percentage values below 50%.
STD or standard values were similarly derived from profiles of results given for known strains and used as standards by the kit database. Their values are 
given in percentage of the tests likely to be positive. These were converted to “1” or “0”. Green font = tests divergent from standard(s); blue = untreated; red = 
treated.
The last 8 test scores given in italics, represent additional biochemical tests (growth under 0 2, C02, An02 conditions, Gram stain, catalase, oxidase and 
aesculin tests in that order -  1 = positive result, 0 = negative result and 7 = uncertain result) and were used as additional data for the second dendrogram (b).
Validity score key in Table 5.3.
Strain Identification Test results in consecutive order (see key above) Validity
P 7 S. epidermidis 111011111000110010010100101???1010 G
P12 S. epidermidis 1110111110001101101111000011171010 u
P65 S. epidermidis 1110111110001100101101000011171010 G
225 S. epidermidis 1110110110001100011101000011191010 u
227 S. epidermidis 1110111110001100100111000011171010 G
AR1L S. epidermidis 1110111110001101000101000011171010 D
AR1S S. epidermidis 1110111110001100100111001011171010 u
AR3L S. epidermidis 1110111110001101000101000011171010 u
AR3S S. epidermidis 1110111110001110100111000011111010 u
KG2L S. epidermidis 1110111110001110100110000011111010 u
KG2S S. epidermidis 0000110110001100100110000011111010 A
P16 (GW) S. epidermidis 11101111111O11OO1O1111O1OOtff77070 u
Mean S. epidermidis 11101111100011001001110000
STD 1 S. epidermidis 11001101100011001001010000
STD 2 S. epidermidis 10001111000011000001010000
P23a S. wameri 1100110111001100001110010011177010 A
314 S. wameri 1110110101101100001100010011171010 u
696b S. wameri 0000110110001000001111000011171010 A
P16 (MW) S. wameri 1110110101101100101100010011171010 u
Mean S. warneri 11101101111011000011100100
STD S. warneri 10001101011001000001000100
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Strain Identification Test results in consecutive order (see key above) Validity
635 S. aureus 1110111101101100110100010011171010 u
727 S. aureus 1110111111101000101110000011171010 u
Mean S. aureus 11101111111011001111100100
STD S. aureus 11001111111011001001110000
696a S. sciuri 0001111111101011001111000011110000 u
721a S. sciuri 0001111111101011001111000001110000 u
Mean S. sciuri 00011111111010110011110000
STD S. sciuri 00011111111010001001111011
P36 S. sp. 11111111110011011011100001 u
790 S. hominis 1110111111001100101111010011171010 u
STD 1 S. hominis 10001101010011000001110000
STD 2 S. hominis 11001111110011001001010000
1292 S. intermedius 11101111111011101101000000 777 77070 u
STD S. intermedius 11001111110010101101100010
1291b Unacceptable profile 1111111111100101011111001111171010 NO ID
310 M. luteus 0000000000000000101000000011171000 EGEN
326 M. luteus 00000000000000001010000000m?10f0 EGEN
336 M. luteus 0000000000000000101000000011111010 EGEN
377 M. luteus 0000000000000000101000000010111100 EGEN
622 M. luteus 0000000000000000101000000011071010 D
697b M. luteus 0000000000000000101000000011171010 u
721b M. luteus 0000000000000001110000000011110000 VG
Mean M. luteus 00000000000000001010000000
STD M. luteus 10000000000000010100000000
703 Kocuria kristinae 1000110000000001111101000011171010 D
STD 1 Kocuria kristinae 00001111010000000101000000
STD 2 Kocuria varians 10001000100010100000000000
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10.21 Test results from rapid ID 32 A kit for anaerobic bacteria
Key to tests given in consecutive order as listed in binary data block from left to right.
1 URE Urease 19 ProA Proline arylamidase
2 ADH Arginine dihydrolase 20 LGA Leucyl glycine arylamidase
3 aGAL a-galactosidase 21 PheA Phenylalanine arylamidase
4 pGAL p-galactosidase 22 LeuA Leucine arylamidase
5 PGP P-galactosidase 6 phosphate 23 PyrA Pyroglutamic acid arylamidase
6 aGLU a-glucosidase 24 TyrA Tyrosine arylamidase
7 PGLU p-glucosidase 25 AlaA Alanine arylamidase
8 aARA a-arabinosidase 26 GlyA Glycine arylamidase
9 pGUR P-glucuronidase 27 HisA Histidine arylamidase
10 pNAG P-N-acety l-g I ucosa m i n idase 28 GGA Glutamyl glutamic acid arylamidase
11 MNE Manose 29 SerA Serine arylamidase
12 RAF Rafinose
13 GDC Glutamic acid decarboxylase
14 aFUC a-fucosidase
15 NIT Nitrate
16 IND Indole
17 PAL Alkaline phosphatase
18 ArgA Arginine arylamidase
Mean values for species test results were derived by calculating the percentage of results from the strain values that were positive and then scoring “1” for 
values of 50% or greater and “0” for percentage values below 50%.
STD or standard values were similarly derived from profiles of results given for known strains and used as standards by the kit database. Their values are 
given in percentage of the tests likely to be positive. These were converted to “1” or “0”. Green font = tests divergent from standard(s); blue = untreated; red = 
treated.
The last 8 test scores given in italics, represent additional biochemical tests (growth under 0 2, C 02, An02 conditions, Gram stain, catalase, oxidase and 
aesculin tests in that order -  1 = positive result, 0 = negative result and ? = uncertain result) and were used as additional data for the second dendrogram (b). 
Validity score key in Table 5.3.
Continued overleaf
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Strain Identification Test results in consecutive order (see key above) Validity
P14 Eubacterium lentum 0100000000000000101100100000011110010 G
P41 Eubacterium lentum 0100000000000000101100100000000110000 G
P42 Eubacterium lentum 0100000000000000101100100000000)70000 G
P43 Eubacterium lentum 0100000000000000101100100000000110000 G
P61 Eubacterium lentum 0100000000000000101100100000000110000 G
P62 Eubacterium lentum 0100000000000000101101000000000)70000 G
P63 Eubacterium lentum 0100000000000000101100100000000)70000 G
P64 Eubacterium lentum 0100000000000000101100100000011110000 G
P66 Eubacterium lentum 0100000000000000101100100000000 7 70000 G
P68 Eubacterium lentum 0100000000000000101100100000000 7 7 0000 LD
P71 Eubacterium lentum 0100000000000000101100110000000? 7 0000 LD
156 Eubacterium lentum 0100000000000000101100000000000?70000 G
170 Eubacterium lentum 0100000000000000101100000000000? 7 0000 G
184 Eubacterium lentum 01000000000000001011001000000007 70000 G
185
Mean
STD
Eubacterium lentum 
Eubacterium lentum 
Eubacterium lentum
01000000000000001011001000000007 7 ?000 
01000000000000001011001000000 
01000000000000010000000000000
G
P24 Peptostreptococcus magnus 00000000000000110101100110101007 70000 D
698 Peptostreptococcus magnus 0000000000000010000110010010100770000 VG
180 Peptostreptococcus magnus 01000000000000010011101000101007 70000 VG
181
Mean
STD
Peptostreptococcus magnus 
Peptostreptococcus magnus 
Peptostreptococcus magnus
010000000000000100111010001010077?000 
01000000000000010001100000101 
00000000000000010101101100101
G
P31 Peptostreptococcus magn us/micros 0000000000000011110110011000100110000 u
P53
Mean
STD
Peptostreptococcus magn uslmicros 
Peptostreptococcus micros 
Peptostreptococcus micros
0000000000000011110110011000100170000 
00000000000000111101100110001 
00000000000000111111111100111
u
172a
STD
Peptostreptococcus asacharolyticus 
Peptostreptococcus asacharolyticus
00000010001000010001000000000007?0000
00000000000001010001010000100
D
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Strain Identification Test results in consecutive order (see key above) Validity
P15 Veillonella sp. 00000000000010000000000000000111??000 LD
P44 Veillonella sp. 00000000000010000000000000000001??000 LD
P46 Veillonella sp. 00000000000010000000000000000001??000 LD
P47 Veillonella sp. 00000000000010000000000000000007??000 LD
P50 Veillonella sp. 00000000000010000000000000000011??000 LD
P57 Veillonella sp. 00000000000010000000000000000111??000 LD
Mean Veillonella sp. 00000000000010000000000000000
STD Veillonella sp. 01000000000010000000100000000
186 Clostridium histolyticum 0100000000000000000010000000000110000 G GEN
STD Clostridium histolyticum 01000000000000000000100000000
178 Clostridium botulinum 0000000000000000000000000000000117000 LD
STD1 Clostridium botulinum 00000000000000000000000000000
STD2 Clostridium botulinum 00000100000000000000000000000
STD3 Clostridium botulinum 01000110000000001000000010000
728b Clostridium sp. 0000000000000000000000000000011711100 PRESUM
1155 Clostridium sp. 0001001000000000000000000000000117000 NOT VALID
1146 Clostridium sp. 0000000000000000000000000000000170700 EGEN
786 Actinomyces naeslundiilviscosus 0011011000111000101101000000011110010 VG GEN
854 Actinomyces naeslundiilviscosus 0011011100111001101001100000011171010 VG GEN
857 Actinomyces naeslundiilviscosus 0011011100111001101001100000011171010 LD
858 A ctinomyces naeslundiil viscosus 0011011100111001101001100000011171010 LD
859 Actinomyces naeslundiilviscosus 0011011100111001101001100000011171010 LD
782 Actinomyces viscosus 0010011000111000101101110000011117010 D
Mean Actinomyces naeslundiilviscosus 00110111001110011011111100000
STD1 Actinomyces naeslundii 00110110001110001011010000000
STD2 Actinomyces viscosus 00110110001110001011011100000
1137 Actinomyces odontolyticus 0001001000000001111100110100001110000 u
STD Actinomyces odontolyticus 00010110000010011111011100101
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Chapter 10 -  Appendices
10.22 Breakpoint concentrations used
The breakpoint concentrations used in Chapter 7 of this thesis 
the NCCLS global consensus standard (2003).
Key: S = sensitive; I = intermediate; R = resistant.
Penicillin
Overall S £ 0.5 pg ml"1 I = 1 pg ml"1
Staphylococci: S < 0.12 pg ml"1
Enterococci S ^ 8 pg ml"1
Streptococci S < 0.12 pg ml'1
Metronidazole
Overall S = 8 pg ml"1 I = 16 pg ml-1
Clindamycin
Overall S < 2 pg ml"1 I = 4 pg ml-1
Staphylococci S £ 0.5 pg ml"1 I = 1-2 pg ml-1
Cefaclor
Overall S ^ 16 pg ml-1 I = 32 pg ml"1
Staphylococci S £ 8 pg ml"1 I = 16 pg ml"1
Vancomycin
Overall S £ 4 pg ml-1 I = 8-16 pg ml"1
Staphylococci S £ 4 pg ml"1 I = 8-16 pg ml"1
Enterococci S £ 4 pg ml"1 I = 8-16 pg ml-1
Streptococci S £ 1 pg ml'1
Erythromycin
Overall S ^ 0.5 pg ml"1 I = 1-2 pg ml"1
Staphylococci S ^ 0.5 pg ml'1 I = 1-4 pg ml'1
Enterococci S ^ 0.5 pg ml'1 I = 1-4 pg ml'1
Streptococci S < 0.25 pg ml'1 I = 0.5 pg ml"1
Amoxicillin (ampicillin)
Overall S ^ 0.5 pg ml'1 I = 1 pg ml'1
Staphylococci S ^ 0.25 pg ml'1
Enterococci S ^ 8 pg ml'1
Streptococci S < 0.25 pg ml'1 I = 0.5-4 pg ml'1
Tetracycline
Overall S < 4 pg ml'1 I = 8 pg ml'1
Staphylococci S < 4 pg ml'1 I = 8 pg ml'1
Enterococci S < 4 pg ml'1 I = 8 pg ml'1
Streptococci S £ 2 pg ml'1 I = 4 pg ml'1
were obtained from
R = 2 pg ml'1 
R £ 0.25 pg ml'1 
R > 16 pg ml'1 
R ^ 4 pg ml'1
R > 32 pg ml'1
R > 8 pg ml'1 
R £ 4 pg ml'1
R > 64 pg ml'1 
R £ 32 pg ml'1
R £ 32 pg ml'1 
R £ 32 pg ml"1 
R > 32 pg ml"1
R £ 8 pg ml"1 
R £ 8 pg ml'1 
R > 8 pg ml'1 
R > 1 pg ml"1
R > 2 pg ml"1 
R > 0.5 pg ml'1 
R > 16 pg ml"1 
R > 8 pg ml"1
R > 16 pg ml"1 
R > 16 pg ml"1 
R > 16 pg ml'1 
R > 8 pg ml'1
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